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FOREWORD

A short history of the development of the prediction methoda in this Technical Note will
permit the reader to compare them with earller procedu,es. Some of these inethods were first
reported by Norten, Rice and Vogler [1955]. Further development of forward scatter predictions
and a better understanding of the refractive index structure of the atmogphere led to changes re-
ported in an early unpublished NBS report and in NBS Technical Note 15 [ Rice, Longley and
Norton, 1959]. The methods of Technical Note 15 served as a basis for part of another unpublished
NBS report which was incorporated in Air Force Technical Order T. O. 312-10-14n 1961. A
preliminsry draft of the current technical note wan submitted as a U. S. Study Group V contribution
to the CCIR in 1962.

Technical Note 101 uses the metric systemn throughout. TFor most computations both a
graphical method and formulas sultable for a digital computer are presented. These include
simple and comprehensive formulas for computing diffraction over smooth earth and over irregular
terrain, as well as methods for estimating diffraction over an _solated rounaed obatacle. New
empirical graphs are included for estimatirg long-term variabllity for several climatic regions,
based on data that have been mawe avallable.

For paths in a continental temperate cllimate, these predictions are praciically the same
as those published {n 1961, The reader will find a number of graphs have been simplified and that
many of the calcuiutions are more readily adaptable to computer programming., The new material
on time availability and service prooability in seversl climatic regicns should prove valuabie for
areas other than the U. 5. A,

Changes in this revision conce:n mainly sections 2 and iC of volume 1 and annexee I, I and
V of volume 2, and certaln changes in notation and symbols. The latter changes make the notation .
more consistent with statistical practice.

Section 10, Long-Term Power Fading containes additional inraterial on the cffects of
atmospheric stratiiication.

For convenience in using volume 2, those symbols which are found only in an annex are
listed and explained at the end of the appropiiate annex. Section 12 of volume 1 liats and explains

only those symbols used in volume 1.

Note: This Technical Note consists of two volumes a9 indicated in the Table of Contents.

i
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Anrex [

AVAILABLE DATA, STANDARD CURVES, AND A SIMPLE PREDICTION MCDEL

The simplest way to predict long-tern1 median transmission loss values would be to
use a best-fit curve drawn through measured data (1epresented by their overall median valuzs)
plotted as - function of path length. Such a method ignores essentially all of our unders:anding
of the physics of tropospheric propagation, is subject to especially large errors over rough
terrain, and such empirical curves represent only the conditions for whic)-x data are available.

Curves that may be useful for establishing preliminary allocation plans are presented
in section 1.2 of this annex. These ""standard" curves were prepa-ed for a fixed combinaiion
of antenna heights and assume prupagation over a smooth earth. The curves are not suitable
for use on particular point-te- zoint pathe, since they make no allowance for the wide range
of propagation path profiles cr atmospheric conditions that may be encountered over particular
paths.

A method for computing preliminary reference values of transmission loss is deecribed
in section I.3. This method is based on & simple model, may readily te programmed, and ie“

especially useful when little {8 known of the detaile of terrain,

1.: Available Data as a Function of Path I,angt}{

Period-of-record median values of attenuation relative to free apace are plotted vs.
distance in figures 1.1 to 1.4 for a total of 750 radio paths, separating the frequency ranges
40-150 M Hz, 150-600 MHz, 600-1000 M Hz, and 1-10 GHz. Maor sources of data other
than those referenced by Herbatreit and Rice {1959 are either unpublished or are given by
Bray, Hopkins, Kitchen, and Saxton [1955], Bullington [1955], duCastel [1957b], Crysdale
{1¢58), Crysdale, Day, Ccok, Psutka, and Robillard {1957]. Dclukhanov [1957], Grosskop!
{1956]), Hirai [196la, b]), Josephson and Carlson {1958, Jowett {1058], Joy [1958a, b]. Kitchen
and Richmond [1957], Kitchen, Richards. and Richmond {19581, Millington and Isted [1950],
Newton a.;c‘. 9;'03’ _,H‘?SB', Onoe, Hirai, and Niwa [1958], Rowden, Tagholm. and Stark
[19;35};'%“;0: [l‘)ﬂl Ugai [1961), and Vvedenskii ana Sokolov {1957

Three |tra§q;1t lines were determined for each of the data plots shown in figures 1.1
to I.4. Near the u&i&;mitting antenna, A = 0 on the average. Data for intermedliate dis -
tances, where the ﬂtgfage rate of diffraction attenuztion i8 approximately 0.09 f® b per
kilometer, deterng?té?? second straight line. Data for the greater distanc 3. where the level
of forward scatter ‘{5{9' is reached, determine the level of a straignt lire with a slope varying
from 1/18 to 1/14 dg \er kilometer, depending on the frequency.

#%4
xhe %h‘ﬁ,:w-vea of figures I.1-1 3 show averages of broadcast signals recorded at

5

? 2500 rand_bmﬂocacion. {n six d.fferent areas of the United States. The data were normalized
T o PG ol

."?é" 4‘51 .\ -mPte' and 300-meter antenna helghts, and to frequencies of 90, 230, and 750 M iz,

§ g ,

Rezroduced from
vest available copy.




Ter *his date sarnple (TASO 1950}, zvurage fDields are lov mainly broguse the reteiver dote-

tiong were nat carefully selected, as they were for most other pathr for which data are snown

The extremely large v.riance of iong-term median transmission loss values recorded

over irregular terrain is duc mainly to differences irn terrair profiles and effective antenna

heights. For a given distance and given antenna heights & wide range of angular distances 18

s
I

possible, particularly over ehort diffraction and extra-diiiraction paths. Angular distauce.

the angle between radig horizon rave {rom each antenna in the great circle plane centain

the antennas, is & very imporiant parameter for trans:mission loss calculalions, isce section
). Figure 1.5 showe {or & number of paths the variability of angular distance relatinve 1o
its value over a smooth epherical earth as a function of pati. disténce &nc antennz heighls.
Mort of the "scetter" of the experimental long-term medians shewn in figures 11 <
i.4 is cue (0 path-to-patl differences. A small part of thie variation is cue to the lengths of
the recerding pericds. For all data plotted in the figuree the recerding perio€ excneded Two

weeks, for €IC pathe it exceewed cne month, and for 90 putns recordings were made for more

An cvaluation of the differences betweern predicted and measured transmission 10ss
valuec 1 discussed briefliy in annex V. in evalualung o predict.on method by its variance
‘rom ovserved Jata, ii 16 1Tmportant to remember that thas verance is strongly infiluencec by
the particular data sample availatie for comparison, Thus it is most important that these
data samples be as repreasentative ac possible of the wide range of propagation path cunditions
likeiv to be encountered ir. the varivus types of service anc in various parts oi the worid

To aid in deciding whether it is worthwhile to use the point-to-point prediction method
outlinec in sectione 4 - 10, incread of simpler metniods, figure I % shows *he cumulative dis-.
t-ivulion of deviatione of predicled from observed long-term median vaivss. The dagh-dotiec
surve showe the cumuiative cistribution of deviations irem the lines drawn in hpures 11 -

;.4 for all available datc.

1c solid and daphed curves ccmpavte predictions based on these

figuree with ones using tne point-to-point rme'nod for the same paths. Note tnal the detajicd

L olni-to-point mmethod (ould not be used i Mmany cases vecause of the lack of terrain proditer
Figure 1. € shows & much greater variance of aatla {rom the "cmpiﬂc.l" curver a! Lip-

L Y .

uree 10«04 for tne sample of 750 pathe tnarn for tne smalier samp-¢ of 217 pathe for whic

terrain profiles are aveiizble, 7T'he wide 8catier of data ilisutratec in figute 1.4 for the fre-

. P, o . Sy L. - P .
cuencv range i - 10 GHr appears to de mainlv responeible for this. Figure I.4 avpears to
gnov' thzt propagation ir much more eengltive to cifferences in terrain profiles at tnear highe:

IrvCuenUIes. Lf TTapnl be exvelted. Dnd pOIRL-10-boint predicucn metiods,” depending o6 &

rUIMDer O par. :cters Les:oet ptanie anc irequency, arc also cmplrxcta, §1NCE Thes are

c to agree with availabic data, bu. egiimates o their reliability ovep a per:of of vears

nzve not varied & grea:t deal with the size of the sample of data rnade avyilable Jor compati-

Reproducad from 2
bast available copy.
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1.2 Standard Point-to-Point Transmission Los: Curves

A set of standard curves of banric transmission loss verasus dlstance is presented in
figures 1.7 t01.26, Such curves may be useful for establishing p.*liminary allocation plans
but they are clearly nut suitable for use on particular point-to-poirt paths, since they mate
no allowancr for the wide range of propagation path terraln profiles or atmospheric condi-
tions which rnay be encountered, Similar curves developed by the CCIR [1963g; 196Ah] are
subject to the same limitatior.,

The estandard curves show predicted levels of basic tranemiesion Ioes versus path
distance for 0,01 to 99.¢Q gercent of &1l hours. These curves were chtained using the
point-to-point predictions for a smooth earth, N. = 301, antenna helght: of 30 meters,
an? estimate? of oxygen, water vapos, and rain absorptior. described in section 3. Cumu-
lative distributions of hourly median transmiesion losa for terreatrial linke may Le read /
from figures 1.7 to 1.17 for distances from 0 to 1000 kilometers and for 0.1, 0.2, 0.5, '
1, 2, 5, 10, 22, 32.5 60 and 100 GPz. The same information may be obtained from
figures 1. 18 to I, 20. -

For esrth-space links, it is important tu know the a‘tenuation relative to tree space,
A, between the earth station and space station as a function of distance, frequency, and the
angle of elevation, 821' of the space station relative to the horizontal at the earth station
[ CCIR 19634; 1963)). Uelng the CCIR basic reference ltmonphere‘, [ CCIR Report 231,
1963e)standard propagation curves providing this {nformation for 2, 5, 10, 22, 32.5, 60
and 100 GHz, for 0.01 to 99.99 percent of all hours, and for eh =0, 0.03, 0.1, 0.3,

1.0, ana v /2 radlans are shown in figures [.21-1.26, where A {s plotted against the
straight-line distance L botween antennas. The relationahip between A and Lb is

given by

Lb-A*LM-A+3Z.45+20103I+20logr db (I. 1)
where { is the radio frequency in megahertz and r {s the atraight-line distarce between
antennas, expressed in kilometers.

The curves in figures 1.7-1.26 provide long-term cumulative distributions of hourly
mecdian values. Suck etandard propagation curvee are primarily useful only for general
quaiitative analyses and clearly do not take account of particular terrain profiles or par-
tizelar climatic effects, For example, the transrnission loss at the 0. 1% and 0. 1% levels
will be substantially smaller in maritime climates where ducting conditions are more

common,

.
The transmission loss predicuc-.s for this atmosphere arc essentially the same as
predictions for N. *301.

1-3
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ANGULAR DISTANCE , 8, IN RADIANS

ANGULAR DISTANCE VERSUS DISTANCE FOR THE 290 PATHS FOR WHICH
TERRAIN PROFILES ARE AVAILABLE

THE CURVES SHOW ANGULAR DISTANCE, 8, AS A FUNCTION OF DISTANCE
OVER A SMOOTH EARTH OF EFFECTIVE RADIUS = 9000 KILOMETERS

THE WIDE SCATTER OF THE DATA ON THIS FIGURE ARISES ALMOST ENTIRELY
FROM DIFFERENCES IN. TERRAIN PROFILES, AND ILLUSTRATES THE
IMPORTANCE OF ANGULAR DISTANCE AS A PREDICTION PARAMETER
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TIONS OF OBSERVED

CUMULATIVE DISTRIBUTION OF DEVIA

FROM PREDICTED VALUES OF TRANSMISSION LOSS
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1.3} Preliminary Reference Values of Attenuation Relative

to Free 3Space, A
(b o

1.3.1 Introduction

Three main elements of the problem of prediction are the {ntended application, the
characteristice of available data, and the basis of relevant propagation models, The theoret.
ical basis of the model proposed here is simple, and {te advantages and limitations are easily
demoretrated, Preliminary comparisons with data indicate standard errors of prediction con-
siderably greater than those associated with the gpecitic methoda deacribed in volume 1, which
are designed {or particular applications. However, the method described below s especlally
useful when little {8 known of the detalls of ierraln; it mey readily be programuned for a digital
computer; and it is adequalte fur most applicativns where a preliminary calculated reference
value Acr of attenuaticn relutive to free spoce is deqwred. The minimum prediction param-
eters required are frequency, path distarce, and effective antenna heights. For the other
parameters mentioned typical values are supgested fer glinnticne where accurate values are not
kno'va,

For radio llne-of-algizt paths the ralcalnted reference ~elue Ac {s elither a "fore-

ground sttenuation” Af or an extrapolated vilue of diffraction atteouation A whichever is

4’
greater. For traashorizon paths, A‘.r is clther equal o I.d o» to a forward scatter attenua-

tion A‘, whichever is smaller.

1.3.2 The Terrain fcughness Factor 4Ah

Different types of terrnin are distinguiehed according to the value of v terrain rough-
neas factor &h, ‘This ls the faterdecile range of terrain helghts in moters abeve and neluw a
straight line fitted to the nverage slope of the te:rain, When terrain profiles are cvailable Ah
is obtained by plotting terrain heights ubove sea level, fitting a straight iine by least squares
to define the average slope and ohtaining a camulative distribution of deviations ol terraia helghte
from the stralght line. Ordinarily An will Increase with dlstance to an asymy;:. otic value, This
{s the value to ne used in these computations.

When terrain profiles are not avuilable estimates of Ah may be obtalned irom the fol-

lowing tzble:

TABLE 1.1
Type cf;rerraln Ah {meteres)
Water or very smooth tesraixn —_-‘3--1 T
Smooth terrain 10-20
Slightly rolling terrain 40-60
Hlily terrain 80-150

Rugged mountains 20500




1.3.3 The Diffraction Attenuation A '

I the earth {s smooth A, = R i{s computed using the method described {n section 8 of

d
volume 1, If the terrain {s very irregular, the path is considered as though it were two simple
knife edges: a) transmitter-firet ridge.second ridge, and b) first ridge-.second ridge.

receiver, The total diffraction attenuation K ie then the sum of the losses over each knife-edge,
K.A(V1.0)+A (Vzoo) (L. 1)

These functions are defined by (1. 7) to (1. 12),

The main features of a transhorizon propagation path are the radio horizon obstacles,

the radio horizon rays and the path distance d, which is greater than the sum d_ of the die-

L
tancce st and dl_r to the radio horizons of the anteanas. The diffraction attenuation Ad de.
pends on d, d“, dLr' the minimum monthly mean surface refractivity N. , the radio fre-

quency f in MHz, the terrain roughness factor Ah, and the sum 9e of the elevations eet and
0" of horizon rays above the horizontal at each antenna. The latter parameters may be meas-
ured, or raay be calculated using (6. 18) of volume 1,

In general, the diffraction attenuation A, is a weighted averago of K and R plus

d

an allowance Aba for abeorption and scattering by oxygen, water vapor, precipitation, and

terrain clutter:

Ad=(1.mx+AR+Ab. (1.2)
where A {s an empirical weighting factor:
Az[no 045(“\ /a8 Ty > (L. 3)
dl_ = ch + d“ (1.4)
0= Oe + d/a radians, (1. 5)
= 6370/[1 -~ 0.04665 exp (0.005877 N.)] (1. 6)
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The angular distance 0 1is in radians and the wavelength A 1s expressed in meters. The
parameter (a8 + dl_)/d in (1.5) {e unity for a smooth esarth, where Ah/A i{s amalland A=x1,
For very irregular terrain, both Ah/A and (a6 + dL)/d tend to be large so that A0,

The following set of formulas used to calculate K and R are consistent with sections

7 and 8, volume |},

vy, 2t 12918 °[f 4y, ¢ (874 )/(d-4) +d y {L.7)

60249 1jiv. 1.27vz for 0 < vs 2.4

A(v,0) :{ (I1.8)
12953‘?20 IOEV {for v>2.4

R=G (xo) -F (xl) - F (xZ) - Cl (Kl, 2) (1.9)

xy = BOI st. xz = Bu dLr' x5 = Boa D' + :t.l + x, (I. 10)

B =£§CZB B =f§C2 B B -f*cZ B
0l 01 3 03 8

1 o 2 os os
C = (8497/a )* C = (8497/a ).i C = (8497/a )% (I.11)
0 ' 1 01 2 os P '
o, =d° /i2b ) a,sd’ /(2h =D /@ 1.12)
17 %L/ Pee 2 Lr re) 2% L

If the path distance d {e less than d3 as given by (I.13), it ie advisable to calculate
Ad for larger dietances <:l3 and d4 and to extrapolate a streight line through the points
(Ad,' d’) and (Ach' d‘) back to the desired value (A, d). The following {s suggested for cl3

and d4:

- 2,04 - 2,03
dy=d, +0.5( /0 km, d =d,+(/0%km (1.13)

1.3.4 The Forward Scatter Attenuation, As
The scutter attenuation A‘ for a transhorizon path Lspends on the parameters d, Ns'

£, 9 ,h , h and A If the product 0d of the angular distance @ and the distance < s

e te’ re bs *



greater than 0.5, the forward scatter attenuation A. ie calculated {or comparison with A

S+ 103.440,.33204d -10 log (6d) for 0.5< 8d =10

A = {8+97.1+40.2128d - 2.5 10gi8d for 10 < 8d < 70 (1.14)
8
S+ee.8+0.1578d+5\0g(6d) for ©d 2 70
q T
S= H_+10log (f8) - 0.1 (N -301) exp(-0d/40) + A, (1.15)
N I S ) -
Ho-(r. T ]/[9”0.007 0.058 el} or
- te re -

H =15 db, whichever is smaller.
° (1. 16)

The reference attenuation A =A 1if A <A,.
cr s s d

1.3.5 Radio Line-of-Sight Paths
For line-of-sight pathe the attenuation relative to free space increases abruptly as d
approaches dL' 80 an estimate of dL {s required in order to obtain Acr. For sufficiently
high antennas, or a sufficiently smooth earth, (see [I.18]), st and de_ are expected to
equal the smooth earth values dLu and dLa

r’

d = . 006zah_ km, d = 0. 002ah _ km {I.17
Let te r re

Le

where a is the effective earth's radius in kilometers and h‘e' hre are heights in meters
above a single reflecting plane which {e assumed to represent the doniinant effect of the terrain
between the antennas or between each antenna and its radio horizon. The effective reflecting
plane {s usually determined by inepection of the portion of terrain which is visible to both an-
tennas,

For a ""typical” or "median' path and a given type of terrain st and dLr may be es-
tirmated as

d =dL"[ltO.9 exp(—l.S’v’hu7 BY] km (1. 18a)

o,
:

=d 1209 expl-15 NOURELLE (1. 18b)

1/ for a median path an antenna is located on s hilltop, the plue eign in the corresponding square
bracket in (I.18a) or (I, 18b) is used, and if the antenna is behind a hill, the minue sign {s used,
{ dL = st" dL: s less than a known line-of-eight path distance d. the estimates (I.16a)
and (1. 18b) are each incressed by the ratio (d/dL) ao that dl. =d.

1-32




For example, in a broadcasting situation with hte = 150 meters, hre = 10 meters, and

Ah = 50 meters, (I.18) using minus signs indicates that st= 0.97 dLat and dLr =0.63 dLsr

For small ¢razing angles, (5.6) and (5.9) of volume 1 may be combired to deacribe

line-of-sight propageation over a perfectly-conducting smooth planc earth:

- 3

B [Ad .10 "
- te re

(I.19)

where d is in kilometers and hte' h". and the rudio wavelength A\ are in meters. This
formula is not applicable for small valves of )'d/(hte hu). where the median value of A is ex-
pected to be zero. It is pruposed therefore to add unity to the argument of the logarithm in (I.19).
The exprzasion (I.19) is most useful when d {a large and nearly equal to dL . Better
agreement with data {s obtained {f d ie replaced by dL and the constant 103/(411) is replaced
by Ah/A, the te:rrain roughness factor expressed In wavelengths., Accordingly, the foreground

attenuation factor A‘ can be written as

{

- r '
A = 20 log .Ll + dL Ah/(hte hre,J+ Aba db. (1. 20)

The absorption A defined following (1. 2) {s discuesed in gections 3 and 5 of volume 1, For

ke

{frequencies less than 10,000 MHe the major compnnent of A is usually due to terrain clutter

bs
such as vegetation, bulldings, bridges, 2nd power lines.

For distances amall enough so that A, {s greater than the diffraction attenuation ex-

trapolated into the line-of-sight region, the ulfcullted attenuation relative to free space AC

iy given by (I. 20) and depends only on hte' hu. Ah, Ab. and an estimate of dL' For long
line-of-sight paths, the foreground attenuation given by (I.20) is less than the extrapolated dif-
fraction attenuation Ad' 00 Acr =A..

d
u st. d, and 6° are known, these values are used to calculste A,. Otherwise,

d
, and 0e is calculated as the sum of a weighted

Lr

{1.18) may be usedto estimate dl.t and dLr

average of estimates of eﬂ and 9" {for smooth and rough earth, For a smooth earth,

= -0.002h /

d radians,
et, r te, re 1t r :

and for extremely irregular terrain {t has been found that median values are nearly

3
9“' . (Ah/ Z)I(st' p 107) radiane.

1 - ,
Using d“' r/dLnt, ; and (1 st' r/dLst, r) respectively as weights, the following

formula {s suggested for estimating ee when this parameter is unknown:

t, r
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d
\
vr 3.0005 [( Let.r l) Ah . 4 hte re1 radiana (1.21a)
° Let.r L\ Lt, ¢ rres
8,°0,,* O.r or 0. s - dL/l, whichever {s larger algebraically, {1. 21b)

As explained ‘ollowing (I.12), the formulas for Ad require a path distance d greater
than d3 . For a line-of-sight path d {s always less than dL' s0 Ad is calculated jor the
distances d3 and d‘ given by (1. 13) and & straight line through the points “‘3' d3) and (A4. d4) -

1s extrapolated back to the desired value (A, d). This etraight line hae the formuls

Ad-A.+Mrl db (1.22)

where
M= (Ad. - Ad;)/(d. - d’) db/km (1.23)
Ae=Ad4 -Md‘ db, 1. 24)

The straight line given by (1. 22) intersects the level A‘ where the path distance is

d" (A‘-Ae)/M km , (1.25)
For dsd‘, Acr’Al' (I, 26a)
For 4d>4d A wA (i.26%F

1’ cr d-

1.3,6 Raages of the Prediction Parameters

These estimatas of A" sre intended for the following ranges of the basic parameters:

TABLE 1.2
20 s { = 40,000 MHs 15d=x 2000 km
A2 s 'n“' re S 10,000 m 250 = N. s 400
'dL/. = 0. % 0.2 radisns 0s Ab' s 50 db
0"‘1..(‘ st‘ Jd!.,nt 0.1 dLn‘ "‘I..x's 3dl.n'

035 Ah s 500 m




1.3.7 Sample Calculatione
Table 1.3 lists a set of sample calculations referring to the example introduced after
Tabie 1. 1. Values for the following independent paraineters are assumed: hte =150 m, h" =
10m, Ah= 30 m, N' = 301, f= 700 MHe . st= 49.0 km, dl.r = 8.2 km, 6° = -0.00634
radisng, Abn = 0 db. An appropriate equation number {s listed in parentheses after each of
the calculated parameters in Table 1.3, For these calculations the arbitrary distance d. was

3
set equal to dL+l instead of dL+ 0-3(62/0
’ TABLE L.3
dL = §7.2 km (1. 4) a = 8493 km (1. 6)
Ab/A = 116,8 A{=9.3 db (1.20)
dy® 50.2 km d, = 105.1 km (1. 13)
93 = 0,000514 rad, 94 = 0,00603 zad. (I. 5)
v3l0.096 v‘=1.95 (1.7
v13'0.0174 vl4=l.014 (1. 8)
v23=0.0166 v24=0.546 (1.8)
v393=0.10 \ p4=1.87 (1.9
py = 1.04 Pyt 096 (1.9)
A{vy,0) = 6.5 ¢b A(v,,0)=18.9 db (1.10)
Alv,p0)=6.24b A(v . 0) = 14.0db (1.10)
A(VZJ' 0) 2 6.2 dd A(VZQ' 0) = 10,6 db (1.10)
A0, 93) e 16.0 db A (O, p‘) = 14,7 db (I.11)
U(v3' ps)'- .9 db U(v‘,p4)= 14.7 db I.12)
K3l12.4db K‘=24.6db (1. 6)
R,'lU.ldB R‘l55.3db (L. 5)
n0’+dL t94+d
--—a——-—i 1.058 ) e 1,032
3 4
A3l0.667 A4'0.669 (1. 3b)
Adz s 29.5db Ado = %8,.5db (1. 3a)
363=0.0299 d4 e4=0.634
H04=3.8 db (1. 16)
S‘l . 56.5db (I.15)
AS4= 49.1 db ([.14)

A ® 29,.5db

A = 49,1 db
crs cre

For this exemple, M = 0,619 db/km, A. * .6.49 db, and d‘ = 25.5km., The corresponding

basic tranemiseion loss L.b" and field strength Eb“ for distances less than df are 98.65 +

20 log d db and 97,62 - 20 log d db, respectively, corresponding to a constant value Acr =
A‘ = 9,34b, In general:




L r=32.45+20 logd+2010;!+Acr db (I.27m

be
Ebcr = 106.92 - 20 log d - Acr db (1.28)
For the example given above, Lbcn = 154.2 db, Lbcn = 178.9 db, Ebcu = 42.1 db, and
E 217.4 db,
bere
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Annex II
AVAILABLE POWER, FIELD STRENGTH AND MULTIPATH COUPILING LOSS

II.1 Avallable Power {rom the Receiving Antenna
The definitions of system loss and transmisaion loss in volume | depend on the concept
of available power, the power that would be delivered to the receiving antenna load if its
impedance were conjugately matched to the receiving antenna impedance. For a given radioc
frequency v {n hertz, let zlv. z; , and z, represent the impedances of the load, the
actual lossy antenna in its actual environment, and an equivalent loss-free antenna, res-

pectively:
z, =r, +ix (1I. 1a)

(11. 1b)

n
e
<~
+
(o8
x
<=

z =rv+ix (L. lc)

where r and » represent resigtance and reactance, respectively. Let w,, rep-

regsent the pow.-r cslivered to the receiving ante..na load and write w;y and W respectively,
for the availabic power at the terminals of the actual receiving antenna and at the terminals

of the equivalert loss-free receiving antenna, If v'v iw the actual open-circuit r.m.gs,

voltage at the antenna terminals, then

2
vv rlv
W, = ——— (1. 2)

tv 2
Iz'v+ zlvl

*
When the load impedance conjugately rnatches the antenna impedance, so that 2y, z‘v or

TG r'y and x" = -x'v , (11.2) shows that the power w,, delivered to the load is equal to
the power w;v available from the actual antenna:
v‘2
wl, & -4% ) (11, 3)

Note that the available power from an antenna depends only upon the characteristics of the

antenna, its open-circuit voltage v;, and the resistance r'v , and is independent of the load

11-1




impedance. Comparing (II,2) and (II. 3), we define a mismatch loss factor _ 1

2 2
[} t
e ()

mv w
)
v 4 LRSS

(11. 4)

such that the power delivered to a load equals w; . When the load impedance conju-

v“m v

gately matches the antenna impedance, ‘mv has its minimum value «f unity, and Wy S ’
1)

W For any other load impedance, somewhat less than the available power is delivered to

the load, The power available from the equivalent loss-free antenna is

2
v
v

“av T &r (. 5)
v
where v, is the open circuit voltage for the equivalent ioss-~free antenna,

Comparing (11, 3) and (II, 5), it should be noted that the available power w'nv at the

terminals of the actual lossy receiving antenna is less than the available power W, = ‘e:vwav
for a loss-free antenna at the sume location as the actual antenna:
w ' vl
t.”a-,‘—Z= - Z 21, (1. 6)
Yay ¢ V

The open circuit voltage v'v for the actual lossy antenna will often be the same as the open
circuit voltage v, for the equivalent 1oss-free antenna, but each receiving antenna circuit
must be cousidered individually,

Similarly, for the transmitting antenna, the ratio of the total power w{v delivered to

the antenna at a frequency timea the total power w,, radiated at the frequency v:

vulﬂv X

Ly = W)W, - (.7

The concept of available power from a transmitter is not a useful one, and v for the trans-
c

mitting antenna is best defined ae the above ratio, However, the magnitude of this ratio can
be obtained by calculation or measurement by treating the transmitting antenna as a"receiving

antenna and then determining ‘et to be the ratio of the available received powers from the

v
equivalent loss-free and the actual antennas, respectively,
General discussione of le” are given by Crichlow et al.{ 1955) and in a report pre- -

pared under CCIR Resolution No, 1 [ Geneva 1963¢c]. The loss factor !, was succeassfully
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determined in on~ case by measuring the power Vv radiated from a 1oss-free target trans-
mitting anteana and calculating the transmission 108a between the target transmitting antenna
and the recelving antenna, There appears to be no way of directly measuring either le” or
l“v without calcu'ating some quantity such as the radiation resistance or the transmission
loss, In the case of reception with a unidirectional rhombic terminated in ite characteristic
impedance, l"'_ could theoretically be greater than 2 [Harper, 1941], since nearly half
the received power is diesipated in the terminating impedance and some is dissipated in the
ground, Measurements were made by Christiansen [ 1947] on single and multiple wire units
and arrays of rhombics, The ratio of power lost in the termination to the input power varied
with frequency and was typically less than 3 d!:.

For the frequency band 'v‘ to Ym it is convenient to define the effective loss fac-
tors L“ and l..t as followe:

v

m
g ) (dw  /dv) dv
1

Ler = 10 log db (11. 8)

v
m

Sv (dw‘lvldv) dv
1

14

m
Sv (d w:y/dv) dv

L, = 1010g ! db (.9

4
m
S {d wtv/dv) dv
"2

The 1limits Y and *m B the integrales (II1.8) and (I1.9) are chosen to include es-
sentially all of the wanted signal modulation side bands, but Y, is chosen to be sufficiantly

large and "m sufficiently small to exclude any appreciable harmonic or other unwanted radia-

tion emanating from the wanted signal transmitting antenns,




The following paragraphs explain why the concepts of cifective power, and An
equivalent plane wave field strength are not recommended for reporting propagation
data,

A hulf-wave antenna radiating & total of w, watts producer a free space fleld

intensity equal to

. = 1,64 wt/(‘lwrz) wau:u,-"k.m‘d (1. 16)
at a distance r kilc.metera in {ts equatorial plane, where the directive gain is equal to its 1
maximum value 1,64, or 2.15db, The field {s linearly polarized {n the direction of the 3

antenna. In general, the field intenaity s, at a point r in free space and associated with

the principal polariration for an antenna té
@ (F)/(4n ) e (1. 17)
8 (r) =w r nr watte, K. .
p tgP

aes explained in a later subsection, In{(J1.17), T=r{ and go(i') is the principal polarization
directive gain in the direction f. A similar relation holds {or the field intensity nc(r) as-
sociated with the cross-polarized component of the field.

Effective radiated power ie associated with a2 pregcribed polarization for a test entenna
and is determined by comparing s as calculated using a field intensity meter or standard

signal source with .p as measured using the test antenna:

Effective Radlated Power = Wt + 10 log(np/no) = Wt + G t(f") - 2.15 dbw (IL. 18)

P

1) ie the principal polarization directive gain relative to a hali-wave dipoic in the

direction r, towards the recelving antenna in free space, and in yencral Is the {aitlal direction

1
of the most important propagation path to the receiver. 3

where G (T
pt

These difficulties in definition, together with those which sometitnes arise in attempting

to separate characteristics of an antenna from those of its environment, make the effective

radiated power an inferior parameter, compared with the total radiated power wt. which

can be more readily measured. The following equation, with Wt determined from (1I.18),
may be used to convert reported values of Effective Radiated Power to estlinates of the trans.-
mitter power output W when transmission line and mismatch losses 1_“ and the power

1t

radiation efficiency l“et ars known:

W, EWiHL

1t = Wt + Let + L dbw (1. 19)

1t 11t

The electromagnetic fleid {8 a complex vector function in space and time, and informa-
tion avout amplitude, polarixation, and phase is required 1o Gescribe it. A real antenna re-
sponds to the total field surrounding it, rather than to E, which corresponds to the r.ni.s.

amplitude of the usual "equivalent' electromagnetic field, defined at a single point and for a

specified polarization.




"(’,,hnyt'l.dnr,th«_-‘;.p.\-ar svesygrd over each half cycle as the ""instantaneous’ available
sigaw, poii'n. w '

K
it

P N
R

w =v2,’R watts
- v

_lxvhgr'i v is the r.m,w, sigaxd voltage and R, ie the real part of the impedance of the re-
celving antenua, exprassed in ohine. The vigeal power w_ avallable fzom an actual receiving
antenns s & diractly mu‘;ur‘able quantity.

' The fleld strength aud power fiux density, on the other hand, cannot be measured di.
rectly, and both depend on the environment, In certain idealired situatione the relationship

.of fleld atrength &, and power flux denecity, a, to the available power may be expressed as
.= ez/z = wwlhr/(g)\z) wattn/mZ

where e is the r.m.,s, electric field strength in vcits/m, & is the impedance in free space
in ohms, X\ is the free space wavelength in meters and g is the maximum gain of the re~
ceiving antenna.

The common practice of carefully calibrating a field strength measuring system in an
idealized environment and then using it in some other environment may lead to appreciable
errors, especially when high gair receiving antennas are used,

For converting reported values of E in dbu to estimates of wn or estimates of

the available power W . at the input to a receiver, the following relationships may be use-

1
ful:

We=E+Ly+L -G +L, - 20 logf - 107.22 dbw (11. 20}

W =E- - . . - 107.
e = E- L - L, +G_ L 20logf - 107.22 dbw (11. 21)
Wy =W, oL, =w -L L dbw (u. 22)

In terms of reported values of field atrength El in dbu per kilowatt of effective

kw
radiated power, estimates of the system lose, L'. basic propagation loss Lpb’ or basic

transmission loss L‘b may be 'derived from the following equations,

L, = 139374 L, 4Ly -G, 4G, -G (7)) +20logf-E, ~ db (u. 23)
Loy = 13937 - L +#G -G (F) +201ogf - E  db (I1. 24)
Ly = 13937 ¢ L 4G, -G (F|)+20logf - E,  db (11. 25)

provided that mstimates are availeble for all of the terms i{n these equations.

-




For an antenna whose radiation resistance is uneffected by the proximity of its en-
vironment, L" s L“_ = 0 db, Lf! s Let' and L(r = Lﬂ_. In other casecs, cspecially impor-
tant for frequencies less than 30 MHe with antenna heights commonly used, it is often as-
sumed that . =L =3,01db, L =L +4+3.01db, and L. =1 + 3.01db, corresponding

rt rr 41 et fr er
to the assumption of short vertical eleciric digoles above a perfectly-ccnducting infinite plane.
At low and very low {requencies, Let' Ler' Lft' and Lfr may be very large. Propagation

curves at HF and lower frequencies may be given in terme of Lp or Lpb 60 that it is not

necegsary to specify Let and L".

Naturally, it is better to measure LB directly than to calculate it using {(1I.23) It
may be seen that the careful definition of La' Lp' L, or LO is simpler and more direct
than the definition of l“b’ Lpb' A, or E.

.

The equivalent free-space field strength Eo in dbu for one kilowatt of effective
radiated power is obtained by subetituting wn = Wt = Effective Radiated Power = 30 dbw,

is given by (2. 16):

b b bf

Gpt(rl)zct=2' 15db, th=L£t

=0db, and L b= Lyg in (IL.18) - (I 20), where L

E = 106.92 - 20 lagd  dbu/kw (L. 26)

where r in (2.16) hae been replaced by d in (lI,26). Thus e, is 222 millivolts

per meter at one kilometer or 138 millivolts per meter at one mile. In free space, the
""equivalent inverse distance field strength", EI' is the same as Eo. 1f the antenna radia-
tion resistances T, and r are equal to the free space radiation resistances T and

T then (II. 25) provides the following relationship between E1 and L‘b with .

fr’ kw

Gpt(rl) z Gt:

E:kw = 139.37 + 20 log{ - L.b dbu/kw (11. 27)
Consider a short vertical electric dipole above a perfectly-conducting infinite plane, with an
cffective radiated power = 30 dbw, Gt = 1,76 db, and er = 3,01lidb. From (II. 18) Wt = 30,39
dow; since G t(Fl) £ 1.7¢ db, Then from (II. 26) the equivalent inverse distance field {»

P

E,=sE 4L +L = 109.54 - 20 logd dbu/kw (11. 28)
1 o rt rr

corregponding to e = 300 mv/m at one kilometer, or e = 186.4 mv/m at one mile. In

this situation, the relationship between E)kw and Lb is given by (11.25) as

Elkw = 142,384 20 logf - J..b dbu/kw (1. 29)
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The foregolug suggeosts the following general expressions for the equivalent free space field
strength Eo and the equivalent inverse distance field E

I:
Eo = (wt - Lrt + Gt) ~ 20 logd + 74.77 dbu (1I. 30)
EI =E_+ Lrt +L dbu (I1.31)

Note that Lrt in (1I.30) ie not zero unless the radiation resistance of the transmitting
antenna in its actual environment is equal to its free space radiation resistance. The defi-
nition of ‘''attenuation relative to free space" given by (2. 20) as the bagic transmission
loss relative to that in free space, may be restated as

A:L‘b'L'h{=L‘Lf:E;'E db (1. 32)
Alternatively, attepuation relative tc free space, At, might have been defined (as it some-

times is) as basic propagation loss relative to that in free space:

At=Lpb-Lb£=A-1.rt-er=Eo-E db (17.33)

For frequencies and antenna heights where these definitions differ by as much as 6

db, caution should be used in reporting data For most paths using frequencies above
50 MHz, Lrt + er is negligible, but caution should again be used if the loss in path

antenna gain L is not negligible. It is then important not to confuse the '"equivalent"

free space loas I..f given by (2. 19) with the loss in free space given by (2. 18).




1.3 MULTIPATH COMPLING LOSS

Ordinarily, to minimize the transmission los. «*wce. ‘u intennas, they are oriented
to take advantage of maximum directive gains (direc nt irizations are matched.
This maximizes the path antenna gain, With a sing - wn! - +€ incident upon a re- "
ceiving antenna, there will be a reduction in the power tr. .+ antenna beam is not
oriented for maximum free space gain, If the polaiination - cceiving antenna is matched

to tru: of the incident wave, this loss in path antcnna gain is <.« o "orientation coupling loss'',.
and if ther {8 2 polarization mismatch, there will be an additional '"polarization coupling loss'",
In genevel, mor> thar one plane wave will be incident upon a receiving antenna from a sinle
scus re be tdude of rellezteon, diffraction, or scattering by terrain or atmospheric innomoge-
wiies8  Mis, atch batweer tihe velative phases of there waves and the relative phasce of the

. 7= ivirg and ned response in difierent cirections will contribute *u a "multipath coupling loss"
which »nll ur zlude o .entavion, polirizalion, ard phase mismatch effects. Ji multipath propa-
& ~ 'ninvaives ron - aniformt waves whose amap. ity -8, polarizations, and p-hases can only be
dLocribed stacdstic 1lly, he sorvecpcading locs 1.0 path anterna gain will include "antenna-to-
medium coupling lossg'. a statis' cal a'2rage of phase inconeronce eifects

Thia part of the wnnex irdicates how mu.tipath coupling loss may be calculated when ine

cident waves are plance anc uniforr with knowr phases, and when the directivity, polarization,
an:i phase regponse of the recceiving untenna . .e known for every direction. It is assumod that
the radiation resistance of the recelving ant nma is unaffected by itf ¢nvironment, and that the
electric and magnetic field vecrors of every incident viave ar: pe: pendicuiar to each other and

perpendicular to the direztlon of propagatl .,

1I.3,1 Represen .tion of Cumplex Vec'cr Taelds

Studying the response o a cec - ving antenna to cohecently phasea piane waves with
s.vcral different directions of ariival, it i3 convenient to iocdte tw 1 cceiving antenna at the
center of a coordinate sys'erny, A adio ray traveling a distance r (r .m a traansmitter to the
receiver may be refracted oy ~eflacted so that its ininal and {inal dir sct:01s a e different,
1f - is the direction cf propagation at che receiver, T s Froas tice verto, i ones irom the
receiver ‘o the traarmitter if the ray path 1s a straight line, but not othar s,

A paper by Kaleo [1951] shows how the amplitude, phase, an< poleraziicn ot a uwnfor a,
monochrorcatic, elliptical’ no.arized and locally plane wave may be expre. se 1 with the aw
ol complex vec:ors, For inftaace, such a wave may be expressecd as the real e 7L of (o suta

oi iwo linearly polarized complex plane waves « 2 ¢ _exp{i7) and T exp a1y, There

i

componeats are i1 time phase quadrature and travel in the same directior - ¥, where 3 =72
1 - . n ~ o - i . -
and ¢ and ¢ aie regl veciors perpendicular to £, The vector ¢+ :c as thea a contples
1 ) : .

vectix, Field strenyt' s are dencted in volts/am (107 micrcvelts por meter) and nely inter

3

2 - . R . R
sitic s ir watts/lim~ (10 ~ milliwatte p.v squarc meter), sinzc al

o oere 1 Kisouneters,




. — .

The time-varying phase

7T = k{ct - r} (11. 3%)

is a function of the free-space wavelength A, the p.opagation constant k = 2n/X\, the free-
space velucity of radio waves ¢ = 299792.5z 0. 3 km/sec, the time t at the radio source,
and the length of a radio ray between the receivar and the scurce.

Figure II-1 illustrates three sets of coordirates which are useful in studying the phase
and polarization characteristics associated with the radiation pattern or response pattern of
an antenna. Let r = fr represent the vector disiance between the antenna and a distant point,
specified either in terms of a right-handed carte:sian unit vecter coordinate system 20. 21,

QZ or in terms of polar coordinates r, €, ¢:

- 4 Z 2 2

r-Fr-Roxof-Rlxl%'ile, roExg toxy +xz (1, 352)

Xy T rcos 6, x, = rasindcos¢, x, = rsin©sin¢ (11. 35L)
£ =F£(0,¢) = iocose + (52l ceso + 522 sin¢)sin 9, (11, 35¢)

As a gencral rule, eithcr of t.o antennas scpasated by a distance r is in the far field or
b
radiition field of the other antenna if r » 207/a, where D is the largest linear dimension

of either antenna.
The amplitude ind polarization o! ciectric {ield vectors —;8 and —e‘¢. perpendicular
fo each other and to ¥, 1s often calculuted or mcasured to correspond to the right-handed

cartssian unit vectcr coordinate system ©, & 64) illustrated in figure II-1, The unit vector

el
& ir perpendicular to £ and ﬁo, and 60 is perpendicular to € and f. Interms of vector

$ ¢

cross-preducty:

e‘b:(fxﬁo)/sir(!:' ﬁlsincp-ﬁzcosa (1I. 36a)

P f i e
K% §¢x. »-(ko fcos9)/s1n0, (L. 36b)

The directive gain g, a scalar, :n.y be expressed as the sum of directive gains ge and

g¢ apsociated witn polarization coriponents ?6 = 8066 and .;Q) = E¢c¢. where the coeffi-
cients €y and c¢ are exprea.cd wn volts/km:
= + .
LEE TR (11. 37)

Subscripts ¢ and r are used to refer to the gains By and £, of transmitting and receiving

2
zntennas. while g 1s the ratio of the available incan power flux deusity and uo/qo, where

u-10




€, as defined by (I, 38) 18 the frece space {icld strength at a distance r in kilometers from

an isotropic antennas radiating w = watts:
= [n w /(4rr)]? volts/km 2. 38)
LI [qo AL LL ]| olts . .
Here, n, = 4nc. l0-7 = 376.7304 + 0.(004 ohms is the characteristic imnpedance of free

space, The maximum amplitudes of the 6 and ¢ components of a radiated or incident field
are I?el NZ and |?¢| NT, where

14 — 1
Tl =c. ze g s L. '
,eel eq =€ 8y Vvolts/km, |e¢| PN A volts /km (11. 39)
I phascs o and 1¢ are asspnciated with the electric {ield components ?e and _c.¢, which

are in phase quadrature in space but not necessarily in time, the total complex wave at ary

peint T is
J‘[(?r + x?i)exp(ir) =T [?Bexp(ne) +_;¢exp(i T¢)] exp(iT). (U. 40)
From this e:il':reuion and a knowledge of :9, o, Te’ &* we may determine the real and itnaginary
components e _ and -e.‘, which are in phase quadrature in time but not necessarily in space:
?rzsrerz_e.ecos 'ro+:¢cos *r¢' (11.41a)
-e.is eiele"e’qsmfe +:¢sin1’¢. (11.41b)

The next section of this annex introduces components of this wave which are in phase quadrature

in both time and space,
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11.3.2 Principal and Cross-Polarization Components
Principal and cross-polarization components of an incident complex wave
NT (—e’r + i—o.i)exp(i‘r) may be defined in terms of a time-independent phase T which is a
function of T [Kales, 1951]. If we write

er+ie.‘=(el+iez)exp(17.‘) (11, 42}

and solve for the real and imaginary components of the complex vactor :l + ‘:2' we {ind that -

e =& e z€ cosT +e 8inT (11. 43a)
i 171 r i i i
e2a82e2=eicos Ti-er“n?i' (1I. 43b)

Whichever of these vectots has the greater magnitude is the principal polarization component

Z-’p. and the other is the orthogonal cross-polarization component ':c:

2 4 2 2 2 -
el = er cos -r_‘ + ei sin Ti + °r . ci -m(z?‘) {11, 44a)
2 2 2 2 2 - -
e, = sin 'ri + e cos Ti -e . °1“n(21l)' (L1. 44b)
The phase angle " is determined from the condition that :l .:Z s 0: .
tan(21.)a Ze. - o /el - ) (L1. 45)
i r i"'r i :

Any incident plane wave, traveling in a direction ~f is then represented as the real

part of the complex wave given by
NI Eexp[ilT+ 1)) = JZ'(?p +1e Yexp[i(T+ 7)), (11. 46)

The principal and cross-polarization directions GP and SC are chosen so that their vector

product is a unit vector in the direction of propagation:

Gp'/.&c:-?. (11.47) -
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A bar is used under the symbol for the complex vector E- —e.p + i-e.c in (1I. 46} to distinguish

- -y = =

it from rcal vectors suchas e e ei. -e.p. and _e'c. The absolute values of the vector

o %
coefficients °p and e _ may be found using (Il. 44).
As the time t at the transmitter or the time T at fhe receiver increases, the real

vector component of (II,46), or '"polarization vector",
JT[ePcol(-r + 1) - e sin(T+71)]

describes an ellipse in the plane of the orthogonal unit vectors Sp =-;p/ep and 8c :-':c/ec.
Looking in the direction of propagation -r(0,$) with ep and e both positive or both negative,
we see a clockwise rotation of the polarization vector as 7 increases.

Right-handed polarization is defined by the IRE or IEEE and in CCIR Report 32] {1963m)]) to
correspond to a clockwise rotation of a polarization ellipse, looking in the diraction of prop-
agation with r fixed and t or T increasing., This is opposite to the definition used in claesical

phyeica,

The "“axial ratio" ec/cp of the polarization ellipse of an incident plane wave .

xfrzexp[i('r + To)] is denoted here as

a = °clep (LI, 48)

and may be either positive or negative depending on whether the polarization of the incident

wave 18 right-handed or lelt-handed. The range of possiblc values for a_ is -1 to +1,
x




IT.3,3 Unit Corﬁplex Polarization Vectors
If the receiving antenna were a point source of radio waves, it would produce a plane
wave \/Tgr exp[i{T + Tr)] at a point T in free space, The receiving pattern of such an
antenna as it responds to an incident plane wave \JT:e:exp[i('r + Tr)] traveling in the opposite
direction ~f£ is proportional to the complex conjugate of £ *xp (i Tr) {S. A. Schelkunoff and
H. T, Friis, 1952]):

(g expliv)]eele - i3 )exp(-iT), (11. 49)

- The axial ratio ecrlepr of the type of wave that would be radiated by a receiving antenna
is defined for propagation in the direction £, An incident plane wave, however, is propagating
in the direction -f, and by definition the sense of polarization of an antenna used for reception
is opposite to the sense of polarization when the antenna is used as a radiator., The polarization
associated with a receiving pattern is right-handed or left-handed depending on whether a .
is positive or negative, where

‘xr - -ecr/epr. ecr = -epr axr' (1L, 50)

The amplitudes lepr] and lecrl of the principal and cross-polarization field components

epr and o, are proportional to the square roots of principal and cross-polarization directive
gaine xpr and Bepr respectively, It is convenient to define a unit complex polarization
vector Er which contains 8ll the information about the polarization responee associated with

a receiving pattern:

. 2 -y
Ql‘ T (GPr + lscrixr)(l + er) (1. 51)
2 g
Pxr " Bcr 8pr . (11. 52)
The directions é _ and 8§ _ are chosen so that
pr cr
spr X scr = f, (L. 53)

In & similar fashion, the axial ratio a_ defined by (1, 48) and the orientations e ande
of the principal and cross-polarization axes of the polarizdtion ellipse completely describe

the state of polarization of an incident wave VTEexp[i('r + T‘)], and its direction of propa-

gation -f = ep x e The unit complex polarization vector for the incident wave is




E‘E/‘El‘(sp“‘c‘x)““: A, (IL. 54)

The magnitude of a complex vector :e_'s_e.p + i-e'c is the square root of the product of E and

: . g P
ite complex conjugate ep -ie:

<] = G- %% - (epz + e:)% volts /km. (1L, 55)
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II, 3,4 Power Flux Densities
The coefficients ep and e of the unit vectors SP and Sc are chosen to be r.m.s,
values of field strength, exg-sssed in volts/km, and the mean power flux densities lp and

s, associated with these components are

2 2 2 2
'p = ep /no watts /km", s =e_ /qo watts /km"”, {11, 56)
The corresponding principal and cross-polarization directive gainse gp and g, are -
4 rz / =4 r‘Z / I, 57
gp " Bp W, o 8, =4m 8 /w (1L, 57)

where wt is the total power radiated from the transmitting antenna. Thi» is the same rela-

tion as that expressed by (II, 39) between the gains » and the orthogonal polarization

Eea 8¢
components ee and e¢.

The total mean power flux density s at any point where :.e. is known to be in the radi-

ation field of the transmitting antenna and any reradiating sources is

-2 2 2 2
= / = + =
s=|e] In,=8e /n =8 +s (ep te )ng

4
2 2 2 2 2
= (er + e, )/qo = (ee + e¢)/n° watts /km (11. 58a)
=g +tg =g tg. =anr =8 2 (11. 58%)
B=B8B, "B, "8y T gy~ AN 8/p, =enyle, ‘

where €, is given by (II. 38). The power flux density s is proportional to the transmitting
antenna gain 8, but in general g is not equal to g, as there may be a fraction ap of

energy absorbed along a ray path or scattered out of the path, We therefore write

. 2 2
‘=3p‘“‘x"“p3pt“”x’ " a 8. (1. 59)

The path absorption factor ap can also be useful in approximating propagation mechanieme
which are more readily described as a sum of modes than by using geometric optics, For
instance, in the case of tropospheric ducting a single dominant TEM mode may correspond
theoretically to an infinite number of ray paths, and yet be satisfactorily approximated by

a single great-circle ray path if ap is appropriately defined, In auch a case, 'p will

occasionally be greater than unity rather than less,




Orienting a receiving dipole for maximum reception to determine ap and for minimum
reception to determine s, will also deterr{nine GP and Gc; except in the case of circular polar-
ization, where the direction of Sp in the plane normal to r is arbitrary., In the general
case where Iaxl <1, either of two opposite directions along the line of principal polarization
is equally suitable for Gp.

Reception with a dipole will not show the sense of polarizatierr Right- handed and left-
handed circularly polarized receiving antennas will in theory furnish this information, since
E may also be written to correspond to the difference of right-handed and left- handed circu-

larly polarized waves which are in phase quadrature in time and space:

e te

_e_.-:—(Sp+ie'c) 3

(11. 60)

The mean power flux densities S, and s, associated with right-handed and left-handed polar-

izations are

sr = (eP + ec)z/(Zqo) wmts/l«.rn2 (iI.618a)

2 2
8, = (ep - ec) /(Zno) watts /km (1. 61b)

.80 the sense of polarization may be determined by whether sr/a‘ is greater than or less than

unity, The flux densities a_ and 8, are equal only for linear polarization, where e = 0,

1




=T + Tp (IL. 64)

where Tp is a function of the ray path and includes allowances for path lergth differences and
diffraction or reflection phase shifte,

Random phase changes in either antenna, absorption and reradiation by the environ-
ment, or random fluctuations of refractive index in the atmcsphere will all tend to fill in any
sharp nulls in a theoretical free-space radiation pattern —E. or Er' Also, it is not possible
to have a complex vector pattern u/r which is independent of r in the vicinity of antenna nulls
unless the radiation field, proportional to 1/r, dominates over the induction field, which

is approximately proportional to llrz.

11-19




II. 3,6 Multipath Coupling Loss

Coherently phased multipath components from a single source may arrive at a receiving
antenna from directions sufficiently different so that o and T, vary significantly, It is
then important to be able to add complex signal voltages at the antenna terminals, Let n=1,
2,---, N and assume N discrete plane waves incident on an antenna from a single source.
The following expreasions represent the complex open-cirouit r.,m,s, signal voltage Vo
corresponding to a radio frequency v cycles per second, a single incident plane wave
sl'fgnexp[l(t + 'r_m)]. a logs-free receiving antenna with a directivity gain 8.5
and an effective absorbing area L. matched antenna and load impedances, and an input

resistance r, which is the same for the antenna and its load:

Y .
vo=ldr s a ) 1 .- B Jexp(ilr+ Ton 71, -7 )] volts (1. 65)
-2 2 2
€. = |3n| /no =W apngm /(4nrn) watts /km (1L, 66)
a =g 2*/(4m) km? m. 6
en Brn ™ km (. 67)

. 2 2 =Y . )
En . ﬁrn =0+ axn)(l + axrn)] {1+ amaxrn)cos ¢Pn + l(axn + axrn) am\vpn] . (11. 68)

1f the polarization of the receiving antenna is matched to that of the incident plane wave, then

8%n = %xrn’ qlpn =0, En ) ﬁx-n =1, and

v =[4r w a
n

2 2.% .
Ve pngtngrnx /(41'rtn) ] exp[i(r + 'rpn+ T

tn -Trn)] volts. (I1. 69)

If the coefficient of the phasor in (II.69) has the same value for twc incident plane waves, but
the values of Tin” Ten differ by m radians, the sum of the corresponding complex voltages
is zero. This shows that the multipath coupling efficiency can theoretically be zero even
when the beam orientation and polarization coupling are maximized. Adjacent lobes in a
receiving antenna directivity pattern, for instance, may be 180° out of phase and thue cancel

two diecrete in-phase plane-wave comiponents,

Equation (II, 3) shows the relatlion between the total open-circult r.m,s., voltage

N P
- ~
v, ® , b e v:nJ volts (L1. 70)
ns=
me)
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and the power W available at the terminals of a loss-free receiving antenna:

2
w, =V /{4r v) watts . (11.7hH

In writing W for oy in (I1.71), the subscript v has been suppressed, as with almost

all of the symbols in thie annex, Studying (II. 65 ~ (I1.€8), (II.70), and (I, 71}, it is scen
bt
., and B, TA B

that the expressjion for w, is symmatrical in the antcnna gains gp’ g p

pr

€..=3__g. .. andthat w_is8 a linear function of thesec parameters, though v is not.
cr xr °pr a v

From this follows a theorem of reciprocity, that the transmission loss L = - 10 log (w ]/w‘)

is the same if the roles of the transmitting and receiving antennas are reversed,
The basic transmission loss L‘b is the system loss that would be expected if the
actual antennas were replaced at the same locations by hypothetical antennas which arc:

(a) loss-free, 8o that Let =L r 0 4db, See (2.3),

e

(b) isotropic, so that = =1 in every direction important to propagation between
P g = B, Y P g8

the actual antennas,
(c) free of polarization coupling loss, so that |p . érl = 1 for every locally plane
wave incident at the receiving antenna,

(d} isotropic in their phase response, so that TS T T 0 in every dircction,

The available power w corresponding to propagation between hypothetical isotropic

ab
antennas is then
\d 1
w )\2 N (a a )/‘ cos (T -7 )
t AN pn_pm pn pm -
¥ b 2 r r L, 7e)
2 (4m) L’ nm

nal
m=1

The basic transmission loss Lb corresponding to these assumptions is

1 = o { =W - W d TS
Ly 10 log wabiwt) \t ab b (II. 73
The basic transrnission loss in free space, Lbf' corresponds to N = 1, apl =1, T . 0,
i
ry =
2 -
Lb{= - 10 log {M/{tar)] 7 = 32,45+ 2000g £+ 20 log r b (Jr. 74}
where [ is in megacycles per second and ¢ i~ 1n kilumeters, Comparc with (2, ini.
As may be seen from the abeve relations, only a fraction s of the total Hna denaaly
(Y

s, Per unit ra-liated power W, contributes to the available received power w Irom N plane
it

. . 2 2
waves, While 8, 18 expreased :n watts/km, 5 1. expressed in ratts /kn™ {or cach watt
o
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ol the powenr w‘ radiated by a single scurce:

2
le = 41rw‘l(k wt) (I1. 79)

s - - - . . tA
For each plane wave from a given source, Enexp(x Tin) or Ern exp(-i Trn) may sometimes
be regarded as a statistical variable chosen at random from a uniform distribution, with all
phases from -w to n equally likely, Then real power proportional to |En':'::n|2 may be
added at the antenna terminala, rather than the complex voltages defined by (11, 65) ~(11. 68).

For this case, the statistical "expected value'" <ae> of e, is

~

g_ |

~ 2 2
tn®rn &y Brnl /(4'”“)' (IL. 76)

In terms of se. the transmission loss L is

Lx21,46+ 20 log f - 1C log s, db. (I1.77)

Substituting <se> for 8, in (II.77), we would not in general obtain the statistical expected
value <L> of L, since <L> 1is an ensemble average of logarithms, which may be quite
different from the logarithm of the corresponding ensemble average <o°>. For thie reason,
median values are often 2 more practical measure of central tendency than ‘'expected'
valuee, With w, and M\ fixed, median values of s, and L always obey the relation

(11, 77) while average values of L and L often do not,

The remainder of this annex is concerned with a few artificial problems designed
to show how these formulas are used and to demonstrate some of the properties of radiation
and response patterns., In general, information is needed about antenna patterns only in the
few directions which are important in determining the amplitude and fading of a tropospheric
signal. Although section II, 3.7 shows how a complex vector radlation or reception pattern may
be derived from an integral over all directions, it is proposed that the power radiation
efficiencies and the gains gr(f) or gt(-F) for actual antennas should be determined by meas-

urements in a few critical directions using standard methods and a minimum of calculations.
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11. 3.7 Ideslized Theorcetical Anterna Patterns
Consider a point source of plane waves, represented by complex dipole minmenty
in three mutually perpendicular directions, 20, $, and 22. These three unict vecors,

1
illustiated ip figure I1.1, define a right-handed ryatem, and it .8 assumed that the scrre-

sponding elamentary dipoles support r.m.s. currents of IO' ll' and 12_ amperes, respectively,

The corrcsponding peak scalar current dipole moments are N7 Iml ampere-kilometers,
wher2 m =0, 1, 2, and the sum of the complex vector dipole muments szmﬁ Iml explit )
] m

re-a;, be expragied au follows:

g;;} + {;2 (11. 78a)

I’y = + : { Y = Y E t

a, «J‘Z’u(s‘coco *1‘1 + kzcz), a, J’Zu(ﬁoao + ﬁl s, + "zsz) {11, 78 )
e +1?‘r1Z ={1 /I T = (1 /D ei (11, 79}
s | Y e = m/ Ycos nt 8 .= { m/I_.sm T m=20,1, 2. ({11.79

Herw, Tv, 11, and TE r:present initial phases of the currents supported by the elementary
dipoler, The time phase factor 18 assumed to be explikct),
Using the sarne unit vecicr coordir.ate syntem to represent the vector distance r from
this idealized point source to a diatart point:
T8 x, +8 x +8% x =
2 %0 1% 2%, fr (11.80)

where xg, Xy and x, are given by (11, 255) as functlons of r, 8, &, The complex wave at

T duet. ote of the eiementary dipolee is polarized in a direction

Fx(R %)= § - Fx_/r (I1.81)

wh:~h ¢ pergendicular to the propage..un direction f and in the plane ¢f 8  and £, The
™

wi- Cu.splex wave at y may be represented in the for.n given bv /1. 41):

Nav 'e-(—r’)exp(i 1) =7 (:r + 1_e'i) axpl(iT) =2 (:P + izc‘,exp[i(‘r + Tl)]

{8 x(@x ] [n /(2x1)} exp (i) (11.82)

T=k{cv~r)+ /4 (1L.83)

T . r L “:i . 7 10/‘(.".,\ r) valts /e (L Hda)
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NTE =3, £(3, O] n_/(2x7) volts/km. (1. 84b)

The total mean power flux density a(-r.) at T is given by (11, $8a):

- 2. 2, 2 = a2.,.2 = 2
a{r) -(er +°i )lno = [al - (al . B) +az - (sz- ?) ]/qo
2
n_(LL)
% 2.2 2 2 2 22 2
il (V=g g vy o + 1 %0/00n) " - 2(cy, xa %) +cp, X %, +¢)ox) X)) /r]
(1L.85)
< (I_1_/1%) cos ( )
S ¢SS coa{r =T.). (I1.66)

The total radiatcd power w, is obtained by integrating 8(r) over the surface of a sphere
ot radiue r, using the spherical coordinates r, 0, ¢ 1illustrated in figure IL 1:

2em o, 2w n (10
w, = 5 dé 'S‘ dor 8(r)sin@ = ——?:T—- watts . (1L.87)
o o

From (11.87) it is seen that the peak ecaiar dipole moment N 214 used to define a, and

-
a

2 in (1I.78 may be expressed in term3 of the total radiated power:

211 = W SthquS ampere-kilometers . (11, 88)

The directive gain g(T) 1s
2 2
1 1
g(;) = 4w rz a(?)/wt = -?: l- <-I_0> coaze . <T1> nnz 2] coaa¢

rh ’ 2 2 2
- \T sin 8 sin ¢-<c01col¢+coznm¢> 8in(20) - clzlin 08 sin(24) . (U.89)

This is the most general expreesion posaible for the directive gain of any combination of
elementary clectric dipoles centered at a point, Studying (II,89), it may he shown that no

combinaticn of values for Io, Il. IZ’ 1'0. r v, will provide an isotropic radiator. As

| A~
defined in this annex, an {sotropic antenna radiates or recelves wavea of any nhase and

polarization equally in every divactiow,




For the special case where IO = 11 = IZ = 1/VT, o ° /2, TG 0, and PR

(IL.89) showa that

g(t) = 1 4ein’0 ein¢ cos ¢ , (11.90)

With these specifications, (IL 78) shows that €= 0 ¢ =-c,= /T, 8, = \/NT,
8, =8,= 0, and (1I,78) with (1I.88) shows that

1
8, = (xl-xz)b, a, = xob (IL.91a)
. 1%
b =X [“r/("“o)j . (I 91b)
Substituting next in (I[.84) with the aid of (1I.2):
ﬂer=°o(x1'x2-rb2) R 'J-Zei=eo(xo-rcos 0) (1L. 94}
- 2
e :inw/(thrr)] , b =z8in0(cosd-sing) . (1L 3
o ; ot J 2

The principal and crouss-polarization gains determined using (I1.57) and (I1.58) are

- . a : 2
p.p(r) = 14 umz 6(sind cosd - '2), gc(r) =t ein 0O, (1. 94)

The subscripts p and ¢ in (IL94) should be reversed whenever (%, 6) is less than

2
sin 0, Minimum and maximum valuee of g are 1/2 and 3/2 while gp ranges from

1/3 to 1 and g, from 0 to 1/2,
The importance of phases to multipath coupling is more readily demonstrated using

a somewhat more complicated antenna, The following paragraphs derive an expreasion for

a wave which is approximately plane at & distance r exceeding 200 wavelengths, radiated

by an antenna composed of two three-dimensional complex dipoles located at =5 A\ 5'(0 and
+5\ 3&0 and thus spaced 10 wavelengths apart, When the radiation pattern has been
dcetermined, it will be assumed that this is the receiving antenna, Its response to known
plane waves from two given directions will then be calculated,

With the radiated power w : divided e¢qually between two three -dimensional complex

dipoles, -E\’ is redefined as

'gz(b/\]‘.’.)zh, R JEEE I (11.95)
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Since 5\ is negligible compared to r except in phase factors critically depending on

T, =Ty the exact expressions

'r’l='r'-5x§o, T,=TH5NK (11, 96)
lead to the following approximations and definitions: |
ro=r(leq), 1,=7(l%e), «=5(\/r)cos® (1.97) )

;l=;(l+¢)-§o¢ sec 8, ;2=;(l-()+§°( sec @ (1. 98

;=;<°cose+(;(l cos ¢ + X, 8ind) sin® {11.99)

For distances r exceoding 200 wavelengths, |¢| < 0,025 apd «Z {6 ncglected centirely,
8o that

l:r+5\x°. (1. 100)

At a point T, the complex wave radiated by this antenna is approximately plane and

may be represented as

/-a -o\ T e -
T \_.er +1 .Y exp(it) = VT i.fl exp(i -rl) + ¢, exp(i ‘rz) ] (11, 101
where
v=ki{ctar) 4+ 7/4 (I1.102)
71:T+Ta, ‘rl=‘r-1'a, Ta=101rco-0. (11, 1C3)

As in (II.22), the waves rauiated by the two main clements of this antenna are ropresented dn

(IL. 10} a8 the product of phasors exp({i -rl) and exp(i 'z) multiplied by the complix vectors
\/'2_2'1 and \/—23, , respectively:

— (SN - A 9 - a /=
\fZgl:;r1x<gxrl>§q/(L\r):(coll)-_a.oor la o T

! X ] T, F } (1L 16-.2)

N’

£

2/

—- _rn - ~ A - | - a -o \'] . . .
\/'Z—(-__z = rzx ax rz> ;qo/(l)\r) —(eo/l)lgo- rléo J : (11. 104L)
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Evaluating A, Ty

& ‘3, ':1. and Ez with the aid of (I1.95), (I 98), (II.99) and (II.104):

5, ;l=bz(l+c)+l[coue-c(lece-c009)] (L5, 1058}
-A.o . ;z = bz(lq) + i[cos 0 +¢leecO® - cos 0)-} (X.105b)

3, e l2) {[ix %, - $by (1420 + X b, csecod ]

+l[§°(l+e)-;cose+;¢(uc0 - Zcooe)] } (O. 106a)

% (eO/Z) {[xl -x, - rbz(l-Zc) - xobz € BecB]

+ 1[20(1-.) <$cond - Te(sectd -2 cos e)]} ) (11. 108b)

Since the sum and difference of exp(i-rl) and expli 1'2) are 2cos Te exp({it) and
21 sic . exp(i 1), respectively, :r and e, ae defined by (11.101) are

i
g ~ o -~ -~ a
e .= oo{[xl -x, - rbz ]cou T, [xo +r(secd - 2 cop 6)} linfa} (11, 107a)
- ~ ~ T 3
e & ¢ % -%cos6|cosT - b |2F.% uce.]ﬂnf . {11.107b)
i o ° a ZL o J a

The complex wave N2 -e.r + i-e.l> is a plane wave only when ?r and &, are both per-

i

pendicular to the direction of propagation, T, or when

.,

T (’Jr + 1?1) =¢ 8in Ta[(cose -8ecB) +18ind(cosd - st)] =0 (1L, 108)

which requires that « = 0, eoin T 0, or ©8=0, If ¢ {ie negligible, the total mean

power flux deneity in terms of the directive gain g(?) is given by

l(-r.) =z <orz + of)/no = g(T) e:/no (L. 10Y)
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g($)=2(1+smzesm¢cos¢) cosz T (I.110)

That w, is the corresponding total radiated power may be verified by substituting (II1,108)
and (L.110) in (I1.87), with the aid of (11.93) and (11.103).
Now let this antenna be a receiving antenna, and suppose that direct and ground- .

reflected waves arrive from directions T(9,¢) equal to
r,(0.32, n/4) = 0.9492 x_ + 0.2’.224(::l +x,) (1I.111a)

;2(0.23, 0.75) = 0.9611 §° +0.1430 X, +0,1332 322 . (L. 111b)

1

Note that T, and ?Z in (Il.111)are not related to ;1 and ??_ in (I1.98) but are two

particular values of T, Corresponding values of Ty cos T, and sinrt  are

L 29.82111 , coe Tal = « 0,0240 , sin Tay ° " 0.9997 (I1. 112a)
- = 30.19245 , = 0, ' =<0, .
L 30.19245 cos T . 0.3404 sin Taz 0.9403 (1.112b)

The incoming waves in the two directions ?1 and ?2 are assumed to be plane, and the

distances 1 and ¥, to their source are assumed large enough 80 that L ein Ta1

and ¢, 8in T, are negligible compared to cos Tal and cos Tas? rospectively. The plane

2
wave responsc of the receiving antenna in these directions may be expressed in terms of the

complex vectors associated with ?l and 'x'-z:

— — Fa PS PN PS ~
S HiF, = - 0.02e |L(x1 - %,) +1(0,099 % - 0.211 % - 0.211 xz)] (LL. 113a)

cz+ieu

g = 0.340 eo[ (-0.013 % +0.998 % - 1,002 %,) +1(0.076 % - 0.137 % - 0.128 x?_)'\ .

(U.113b}

Since ¢ - 'e'rz = 0, (U.44) with ([1.42) and ((1.43) shows that T_ = 0, 8o that ‘e’n and ?h

arc principal and cross-polarization components of the complex vector receiving pattern:

—

pri +lecr1 = en +ie“ . (1. 114a)

—
e
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These same equations show that Tea ™ " 0.005 and that

€ i =0.3406 |(-0.013% +0.999 % - 1.001 %) +1(0,076 % - 0,132% - 0,113 %,) |
pr2 cra o o 1 2 o 25
(I1. 114b)
differing only elightly from (II.113b), since Ty, i8 almost zero,
The axial ratios of the two polarization cllipses, dofined by (I1.50), are
a__ = -0.222, a___ =-0.143 (L1, 115)
xri xr2

and the unit complex polarization vectors fn and irz defined by (II, 51) are therefore

21‘& = 0,674(::l - xz) +1(0.067 X, - 0.142 x) - 0.142 xz) (LL. l16a)

gn = (=0,009 %X 4 + 0,692 521 - 0,694 522) +1(0.053 X ~ 0.095 %, - 0.089 %,) , (IL. 116 b)

The antenna gains gr(;l) and gr(;z } are given by(1I.110):

gr(;l) = 0.0021, gr(;‘) = 0,241 (11.117)

which shows that the gain Gr(fl) = 10 log gr(;‘) associated with the direct ray is 29.2 db
below that of an isotropic antenna, while the gain Gr(;;) aspociated with the ground-reflected
ray ls -6.2'db. It might be expected that only the incident wave propagating in the direction
-r  would need to be considered in determining the complex voltage at the receiving antenna
tcxz-minale. Suppose, however, that the ground-reflected ray has been attenuated considerably
more than the direct ray, so that the path attenuation factor aPz is 0,01, while apl = 1,
Suppose further that the transmitting antenna gain associated with the ground-reflected ray is
6 db less than that associated with the direct ray, Then the mean incident flux dengity s,
associated with the ground-reflected ray will be 26 db less than the flux density 8 associated
with the direct ray.

In order to calculate the complex received voltage v given by (11, 70) then, the

following ie assumed:

r, 52 ohmes , "= lwatt/k.mz(a =30 dbm/mz)
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s, 0,0025% \umlkmz ' A\ = 0,0003 km (£ = 1000 MHs )

'rua'rp‘+'ru=0, TR Toa T = T (L. )18)

It will be seen that these assumptions imply a more nearly complete polarization coupling loss
between the direct wave and the receiving antenna than between the ground-reflected wave and
the receiving antenna. The effective absorbing area of the receiving antenna for each wave,

as given by(Ill.67) is

112 .
By, = 1504 X107 k' , a2 = L726x 10 el (11.119)

The polarization factors are

(B, By, )=-00214, (B P )=0.062+0.2361 (LL. 120)

and the phase factors are exp (ir) and exp[i(T+ 3.137)], respectively, Substituting these
values in (U, 65), the complex voltages are

-6
vy® - LI75(10 Nyiexp(iT), v, =-(1.887+ 7.0711)(10'6) exp(iT). (u.121y

The real voltage at the antenna terminals, as given Wy {LL.70) is

- -6
v, = v 4V, )y, +v2)"' = 8,33 X 107" volts = 8, 33 microvolts (i.122)

and the corresponding power w available at the terminale of the loss-free receiving

antenna is

N -12
Wy = 0.334x 107 “watte, W_= - 125dbw = - 95 dbm (. 123)

ae given by (l.71).




II.3.8 Conclusions

The foregoing exercise demonstrates that:

{1) Even small changes in antenna beam crientation, transmission loss, polarization
coupling, and muitipath phasing may have a visible effect on the available power at the
terminale of a rucelving antenna,

(2) U the formulation of the general relationships for a completely polarized wave
is programmed for a digital computer, it may be feasible to estimate the complete stat-
istics of a received asignal whenever reasonable assumptions can be made about the stat-
istics of the parameters described in this anunex.

(3) The measurement of antenna characteristics in a few critical directions will often
be sufficient to provide valuable information to Be uged with the relationshipse given here.
The measurement of Stokes' parameters, for instance, will provide information about a__,
B, upp. and both the polarized field intensity s and the unpolarized field intensity LI
These parameters [Stokes, 1922 ] are

L + LI total mean field intensity (1. 124)
Q= L cua(2p) cos(2 ¢p) (L1, 125)
U =8 cos(2p) sin(2 ¢p) (I1.126)
V= s _sia(2p) (I1.127)
where
5=tm-laxr . (L. 128)

The unpolarized or randomly polarized field intensity s, is determined from (II.124) and the .
identity \

Ye

s, = (Qz + UZ + Vz) . (I1.129)

Using standard sources and antenna model ranges, the gain g, may be determined from

2 2
g =8 /(e "/n)}, eoz =n p, /(ans") (L. 130)

assuming, if e is measured, that any power reception efficiency 1/1er less than unity
will affect L and eoz alike,
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I1.4 List of Special Symbols Used in Annex Il
The effective absorbing area for the nm discrete plane wave incident on an ane
tenna from a single source, (I1.67), an? for each of two waves (II.119),

The fraction of energy absorber alang x ray path, or scattered out of it, (I1.59),
. NA ! th .
and the fraction of energy, a . tor the m “and n multipath components from
1

a single source, whex}c m and n tak: on inwegrai velues from 1 to N, (I.72)

Axlal ratios of the polarization cllipse of the nth, first, ‘and sscound plane

wave from a eingle source, (II.68) and (11.118).

a Axial ratios of the polarization ellipse associated with the receiving pauttern

¢ :
for the n h, first, and second plane wave from a single source, (II.68) and (I1.115).

Positive or negative amplitudes of real and imaginary components of a complex

vector: 3-3l+1 2 8 -a1+ az, (1I. 78).

The real vector a = ad, where & is a unit vector,

Real vectors defining real and imagirary components of a complex vector: a=
a.l+ ia,, (il. 78). -

A complex vector: a = a, + iaz. (11.78).

. X, R, (11.95),

0" 1’ T2
The positive or negative amplitude of the cross-polarized vector component ry
cr

A complex vector defined in terms of the unit vector system X

of a receiving antenna response pattern, (II, 50).

The positive or negative amplitude of the real vector :i associated with a com-
plex plane wave ~2 (-e‘r + i?i) exp {(it), where —e"_ and :1 are time-invariant and
exp (i) is a time phasor, (lI.41b).

The positive or negative amplitude of the principal polarization component ‘;p of
a receiving antenna response pattern, (IL. 50).

The positive or negative amplitude of the real vector component -e.l_ asgociated with
a complex plane wave \ff(_e.r + i?i) exp (it), where ?r and :i are time invariant
and exp (it) is a time phasor, (Il.4la).

Equivalent free space field strength, (II.38).

The positive or negative real amplitudes of real and imaginary cornponents of the
complex polarization vector E, (1. 43).

5]
components of a complex plane wave, (11.4) figure I, 1.

The positive amplitudes of real vectors e. and -(,-.w associated with the 8 and ¢

Real vectory associated with cross and principal polarization componeats of a uni-
form elliptically polarized plane wave, annex lI, section II. 3, 2.
Directions of cross and principal polarization, chosen so that their vector product

ép x € is a unit vector in the direction of propagation, (I1.47),
c -
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; ‘e " - Cross and principal polarization field c-o“mpouent' of a receiving antenns
- e responase pattern, {(II.49).
‘ - & Directions of croea and principal polarization components of a receiving
' “antenna re.ponb; p_sttorn,r' .(II. 51), (11.53).

The real vector associated with the imaginary component of the time-invariant

part of a complex planc wave VZ (?r!- l:l) exp (i7), (1I.4lb).

:r The real vector associated with the real component of the time-invariant part
. - of a complex plane wave 2 (—;r + l?i) exp (it), (II.4la).

ey ?2 Real vector components of a complex polarization vector E which has been
resolved {nto components which are orthogonal in both space and time, (II.43).

:9' ?¢ Real vectors associated with the 8 and $ components of a complex plane wave
NT [:e exp (he) +-e.¢ exp (l'r¢)] exp (it), where only the phasor exp (i)
depends on time, (II,40) figure II.1.

36 A unit vector 3¢ x § perpendicular to & ¢ and £, (II.3 6b) figure I1.1.

3 A unit vector {£x Ro)/lin @ perpendicular to £ and Ro, (II. 36a) figure 1.1,

.i'._?_. . in bar l: used inder the symbol to indicate a complex vector: E = ?p + ié; .

. L =cprf£ecx_. (II.46)._‘ . ~

e The complex conjugate of ¢ : e = ep- ie

|_-€| , IE.,' The magnitudes of the complex vectors E and :o_.‘_. (I1. 55).

| e CI o ecrl . eol o eml The amplitudes of the crose and priccipal polarization components
._e‘c, ?c_:r' ?p' and ?pl" mection iI. 3.3,

E Field strength In dbu, (1I.20}.

E o The equivalent free space field strength in dbu, (II.26).

E 1 The equivalent inveroe distance field, (il.28).

E  kw Field strength {n dBu per kilowatt =ffactive radiated power, (II.23) -(II.25).

g Maximum free space directive gain, or directivity, Section Il 3.4,

g, The cross-polarization component of the directive gain, (II 57).

8., The crose-polarization component of the directive gain of a recetver, (I1I.51).

gp Principal polarization directive gain, (II.57).

gpr. gpt Principal polarization directive gains for the receiving and transmitting
antennas, respectively, (1I.59).

8. 8¢n The directive gaine 8, and gtior the n‘h of a series of plane waves, (I1.66)
and (II.67).

8y’ g¢ Directive gains associated with the field components ;; ?¢, (.37).

g (%) Directive gain in the direction ¥, (I1.89).

. R (1), gp(f-) Crosa polarization and principal polarization directive gzins in the direction

£, (11.94).

g (?l), g r(? 2) Directive galns associated with direct and ground-reflected rays, respectively,

(II.117).
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Principal polarization directive gain of the transmitter in the direction ¢ X
which is the initial direction of the most important propagation path to

the receiver, (II.18) and (II. ;3) to (II. 25).

1=

Currentinr.m.s. amperes wherem = 0,1, 2, (II.76).

Current in r.m.s. amperes corresponding to three elementary dipoles in
three mutually perpendiculer directions, (II.76).
Piopagation constar’ A, (I1.34).

. a load, for example, ¢

Used as a subscriy. . repregents the

2%
{mpedance of a load at . ‘o frequency v, (1I.1).

The effecrive loss factor for a receiving antenna at a frequency v herts
(11. 6), L"v'-' 10 log l"vdb. (11. 8).

The eifective loss factor for a tranamitting antenna at a radio frequency v

= T
herts, (I1.7), Letv 10 log!etvdb, (1. 9).

A mismatch lose factor defined by (1I.4).

The decibel ratio of the reaistance component of antenna {nput impedance te
the free gspace antenna radiation resistance for the receiving and transmitting
antennae, respectively, (II.1]).

The ratio of the actual radiation resistance of the receiving or transmitting
antenna to its radiation resistance in free space, (11.12), (I1.13).

Propagation loss, (II.14).

Basic propagation loss, (II.15). Basic propagation loss in free space {s the
same a8 basic transmiasion loss i{n free space.

Unit complex polarization vector for the incident wave, (II.S54), and (II.68).
Unit complex polarization vector assoclated with a receiving pattern, (II.51)
and with the receiving pattern of the nth incident wave, (II.68).

The complex receiving antenna polarization vectors Er for each of two ray
paths between transmitter and receiver, (I1I.116).

Resistance of an antenna, (I1.1).

Magnitude of the vector T =r ? in the dlrect'iun t (8, ¢), and a conrdinate of
the pola. coordinate system r, 6, ¢, section II.3.1,

Antenna radlation resistance in free epace for the receiving and transmitting

antennas, respectively, (II.11), (1I.12) and (1I.13),

Recistance of a load, (II.1}).

Antenna radiation resistance of the receiving and transmitting antennas,
regpectively, (11.10).

Resistance component of antenna input impedance for the receiving and

transrnitting antennas, respectively, (1I1.10),

Reslstance of an equivalent loes-frec antenna, (II.1c).
Riesistance of an actual antenne in ils actual environment, (iI 1b).

The vector distance betweeun two pointe, r =r £, (I1.50).
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A unit vector, (I11.39

A cartesian unit vectsr coordinate gystem, (11.35) and (I 36}

Total m w.r power flux deosity, (IL.58),

Mean ; ower [lux densities associated with croes-poiarigation, ars
princtipal pnlesiration  mponents, (1I,50).

The {raction of the tot-1 [I'w d nefty tha contribuites tc the available power,
(11.75).

fean .ower flux dansitias assoclated with left-handed, and right-handed
priarizutica, r-spectively, (II.61).

Firee¢ space fleld iatensity in watts per squa. e kilometer, (II.19%).

Tne stz sticai "expected value of 5, (11.76).
Mean pover flux densiiies ssgociated with the c-ces and principal pojarira-
‘fon components ox'g in the diraction x-o, 111, 17;.

Complex open-circuft r.m.s. signel voliage for coherently prascd multi-

ra*th comporents, (.65 .

7. open-circui*r m.s volt ge {cr an equivalent loss-free antenna at a
{frequency v, (115}

Th. actual cpen-circuit r.m.s. voltage &% the antenna terninais at a
{reque.yy v, (I 2).

Tae ava.lable puwer correLponding (9 propagation Detweern hypcthetlcal
{eo rcric antaanes, (1J.72).

Avalieble power at che cerminals of on equivalent loss-free receiving
arienna at a radic frequency i, (1.5,

Avallulle power at the terminala of the Lctual recetiving antenna at a radio

rrequency v, {IT.3).

Fover delivererd to the receiving antenna load, at a raidlo frequency v, (II.2).

Total pouer radiated at a freouency v, (1. 7).

Tolal o¢wer celive.ed to the transmitting santenna at a fregquency v, (1J. 7).
Kea :ance of a load, an actua. lossy antenna, and an equivalent 1ose-free

81 cuna, reepectively, J1),

One of th: ~ mutually perpendicular directions, m=0,1, 2, sccdon I 3.7.
Avecs ol & cartesian unit vector coonrdinate system, (1I.35) figure L{. 1,

. -c. 1 e of a load, {IlI.DL.

impedan:ze 3f an equivalent loss-free antenne (I1.1).

iripedance of aAn ectual losey antenna, (U.1),

The conjugete of ' , 1ulloving (L.2).
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« A smail increment weed in (X1.97) end (11. 98).

~

n Characteristic impedauce of free space, n, T dwe. .l , {I..8)
o
0 A polar coordinate, (1l1.35).
v Radio frequency in herte (cycles per second}, section IT.i,
v‘ , Vm Limits of integration (X.8), (II.9).
T The time-varylang phate 1 = k (ct - r), where ¢ is the frue adace veloc.ty of

radio-waves. ti{s the time at the radlo source, »nd r {w the leng:n o7 the rdio
ray. (1, 34).

T Time element defined by (11.103).

T, T The time element T, cur respondir~ to direct and ground-reflec*. d v 5 ven

at the recelving antenna, (l1.112).

wre

T, A time-independent phase which is a function ot ?, (11.42), {11.t4).
L4
T The time-indepandent phece for the n'h component of an incident wav .

section 11.3.6,

T T ) The time-independent phase for twe componentn of an incident viava,
1 ]
(I1.118).
T ‘ro, v T Initial phase of ‘be Current supported by one of m e'ementary -liyules. w! :re
. )

m = G,1,2, (LI.79).

T A functiorn of th: ray »ach, including allowaacer for vath leng:i. Jif-erences

and d.f{rac'io’ or reflection phase shitrs, L. %4),
R T The phtae fu.ction o for the v, first, and yecond Jiacs w o e haidert

on an ant+ .ua {rom a ringle source, (1. 05 nd (11 1i8).

T Ant: na ohese reaponse for the recelving ontenna, (U <7).

T .Y T The auterna phase response, - - for the .’.‘h,. firey, 21d s¢ .ona rlans
wave {acldent on the recelving antenna, (II,05) &..d gectlra 7L, 4.7,

T Antenna phase reapornse for a trarnmitt-ng raten.a, {(Ii 61},

T .Y, T The antenna puese responge T for the n!h, flres., and seconr flare -auve,
111.€5) and (11.118;.

Ty -r'i Planes associate i with the electiical Jdeld cuipenenis :9' " . 1. 40),

% Ore of the polar coordinares, r, 8, ¢, I.59) and ‘igurs 1.

Vv The acuie angle, q‘p' for eacl of twwaves, (U1.1'8},




Annex 1
SUPPLEMENTARY INFORMATION AND FORMULAS USFFUL FOR PROGCRAMMING

The material of this annex is organized into the following sections:
J. Line-of-sight
. Diffraction over a single isolated obstacle
. Diffraction over a single igolated obstacle with ground reflections

. Diffraction over irregular terrain

2

3

4

5. Forward scatter
6. Forward scatter with antennas elevated
7. Longaterm variability

8

. List of epecial symbols used in annex 1II
Section 1 lists geometric optice formulas for computing tranemission loss over a

smooth earth, for aetermining the magnitude and phase of the reflection coefiicient, and for
computing a first Freenel zone along a great circle path, Graphe of the magnitude R and
phase ¢ of the reflection coelficient are includ2d, Section 2 givea mathematical expres-
sions that approximate the curves A(v,0), A(0,p) and U(vp) for convenience in using

a cigital computer, Section 3 liste geometric optice formulas used to compute diffraction
attenuation when several components of the recelved field are afiected by reflection from the
earth's surface, Section 4 defines the parameters K and b for both horizontally and
vertically polarized radio waves., Section 5 showe the function F(8d) for N. s 250, 301,
350, and 400, and for values of 8 from 0,01 to 1, Curve fits to the function F(9d) and
equations for computing Ho(n. = 0) are included, Section 6 suggests modifications of the
prediction methods for use when antenna beams are elevated or directed out of the great
circle planc, Section 7 shows diurnal and eeascnal changes in long-term variability,
Mathematical expressions used to compute predicted distributions are shown and a method
of mixing distributions i{s described. Section 8 is a list of special symbols used in this

annex,

Section i.3 of annex I explains an casily programmed method for obtaining ref-
erence values of attenuation relative to free apace Acyp for a wide range of applicatiops.
Theoe reference values may be converted to estimates of transmiseion loss exceeded for
100p = 100 (1 - q) percent of the time by subtracting the quantities V(0.3) and Y(q) defined

by (10.4) and (10, 5) of volume | and discuesed also in soction 7 of thie annex.
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1I.1 Line-of-Sight
Simple formulas for line-of-sight propagation which suffice for most applications, are
‘given in section 5 of the report, Formulas for geumetry over a smooth earth and for deter-
mining the magnitude and phase of the reflection coefficient are given nere. These formulas
may be used when the great circle path terra,a visible to both antennas will support a substan-
tial amount of reflection, and it is reagonable to fit a smooth convex curve of radius a to this
portion of the terrain,

Figure 5, 1b illustrates the geometry appropriate for reflection of a single ray by a

smooth earth of effective radius a, In the figure, { is the grazing angle at the geometrical

reflection point 1ocated at ¢ distance d. from an antenna of height h, and at a distance dZ

1
The total path distance d =d

i

from an antenna of naught h + t‘lZ is measured along an arc

2° i
of radius a., The difference. Ar between the reflected ray path length LY + 1, and the length

of the direct ray, L is calculated to find the phase of a radio field which is the sum of ground-
reflected and frec space fields, lf Ar is lese than 0.06)\, these ray optice formulaos are not
applicable. For almost all cases of interest the angle § is srmall and the straight line distances ‘
SO and r are very nearly equal to the mean sea level arc distances dl' dz and d. The .
geometric optice formulas given below usually require double-precision arithmetic,

. -1 o9
tan ¢ = cot(dl/a)-(l +hl/a) cac(dl/a) & d—l' - -Z-I (lu.l)
h, 4,
tan = cot(d,/a) - (1 + hz/a)“ coc(d,/a) o T % (11 2) ’

Y
oS n{(hlla)z + (l\zln)z - Z(hlla)(hzla) +2(1 4 hl/a + hZ/a + (hl/a)(hzla).][l - cos(d/a)]}

(111, 3)
r 1
rl=|(a I_an:)z+hl(la+hl):|‘/l-alln¢ (a1, 4) *
L .
r 2 Ve
r_=!(a sin y) +h(?.a+h)] ~a sin y (11, 5)
.
- i Z‘ H
Ar-rl+rz-ro=4r)rznm y/(rl+r2+ro)- (1. 6)

Equating (I1l. 1) and (lil. 2) and substituting d - d, for dz in (11I,2), the distance dl may

1
he determined graphically or by trial and error, and tand ie then calculated using (1. 1),

Hl-2



Using double precision arithmetic, (111.1) through (IL. 6) give an accurate estimate of the
 path difference Ar for reflection of a single ray from a smooth earth. This value is then used

{n (5. 4) or (5.5) of section 5 to compute the attenuation relative to free space,

If either hl or hz greatly exceeds one kilometer, and if it is considercd worth-
while to trace rays through the atmosphere in order to determine ¢ move accurately,
values of dl or dz, tabulated by Bean and Thayer [1959 )}, may be used. Given hl’ h
and the surface refractivity, N.. select trial values for ¢, calculate dl and dz. and
continue until c:i1 + dz =d., Then (IILl) and (OL.2) must be solved for new values of hl
and hZ if (n1.3), (I111.4), and (OL.5) are used to obtain the path difference,

Ar =rl +r2-\'u.
The symbols R in {5.1) anéd c in (5.4) represent tho magnitude and the phase

zl

angle relative to w, respectively, of the theoretical coefficient R expl-i(m-c)] for reflec-
tion of a plane wave from a smooth plane surface of a given conductivity o and relative di-
electric coratant ¢ . Values of R anrd ¢ ae a function of the grazing angle ¢ are shown in
figures Hi.1 to IN.8 for vertical and horizontal polarization over good, average, and poor
ground, and over sea water. The magnitude R of the smooth plane earth reflection co-
efficient is designated Rv ox Rh for vertical or horizontal polarization respectively,
and is read on the left-hand ordinate scale using the solid curves. The phase angle relative

to w, is designated c, or ¢ for vertical or horizontal polarization respectively, and

is read in radians on the right-hahnd scale using the dashed curves. As seen {rom these
figures in most cases when the angle 4 ie small, R is very nearly unity and ¢ may be
set =qual to zero, A notable excepticn occurs in the case of propagation over sea water
using vertical polarization.

In preparing figures 1.1 to 1.8, the following general expressions for the mag-
nitudes Rv and Rh and lags (w-cv) and (ﬂ-ch) were used. In these equations,
« is the ratio of the surface dielectric constant to that of air, ¢ is the surface conductivity
in mhos per meter, { i3 the radio frequency in megacycles per second, and ¢ is the

grazing angle in radians.
x =1,80X 104q/f, q = x/(2p) (LIL 7)

Y
sz = i'(c - <:olZ \l;)2 + xz“l + (¢ » conZ $) (111. 8)




.1l

sz irub oin’ $-m -mﬂ[nb sin’ v+m, unw} (Ll 11)
R%:=[14b sin’y sin v |1 +#b_sin’ - 0. 12
N -[ n® -m nq;JL n ® ¢+mhun~p] (1. 12)

Ce = ean} x-mw-q_> .1(x-m¢+ >
rec, tan (-————-‘ m V- p WIYEY (10. 13)
N -aC :mn-l<—_..q__> -ta_n-l _-——q-—-> (D.I 14)

h 8ind -~ p siny +p *

The angle <, is always positive and less than n, and ¢ _ le always negative with an ab-

solute magnitude less than n, The pseudo Brewster angle, whe:e <, suddenly changes from
near zero to n /2, and where RV ie a mirimum, ie sin” \/'7?—

For grazing angles less than 0.1 radian, for overland propagation, and for fre-
quencies above 30 Mc/s, excellent approximations to (IIL.11) and (IIL12) are provided by

the following formulas:

n

R
v

W T eXP(-m W) (111, 16)

exp(~m_¢) (1L 15)

R

»

‘The assumption of a discrete reflection point with equal angles of incidence and
reflection as shown in figure 5.1 is an oversimplification, Actually, reflection occurs from
all points of the surface, For irregulai terrain, this is taken into account by a terrain

roughness factor (subsection 5,1), which is the r.m,s. deviation of terrain relative to

Oy

h
a smooth curve computed within the limits of a first Fresn:l zone ina horizontal plane. The
outline of such a Fresnel ¢llipse is determined by the condition that the length of a ray path,
LI +T, v corresponding to scattering from a point on the edge of the ellipse is half a wave

length longer than the geometrical ray path, L + Ty where the angles of incidence and

reflection are equal.,

The first Fresnel ellipse cuts the great circle plane at two points, x, and xb

kilometers from the transmitter, The distances x and X, are defined by the relation

H i
\-rlz sinz¢+xl* \" rz2 si.nz\v+ [(rl+r2) coO\P-x]Z =rpbr, ¢ ) Y (1. 17)

-4




The exact solution for x is

Zxa’b(l+6)= [(rl+rz)(l+6) + (rl-rz)] cos (rl+r2+ \/2) 6\[:4rlrz/[(rl+rz)26]

(111, 18)
where
2 2, .2 2 2, 2 2 a2, 2
) L3 -hl +d1 R ¥, -hZ +dz , (rl'“‘Z) = (h1+hz) +d
v 4
- _ : ot ot
cos y = dl/r1 = d?_/x-Z . 8in _hl /rl = hz /x-z
2
6= | L + o ]/amzqa
L4< )2 1%
it
dl' d, are definedby (5.7), and ) is the radio wavelength in kilometers,

Ap an alternative method, the points x, and x, wmay be computed in terms of path
distance, the heights hl' and h’z. and the radio frequency. In thie method, the distance

xo to the center of the first Fresnel zone is first computed, then the distance 2 from the

center to the margin of the zone is subtracted from x5 to give X, and added to give X

xg = 4/2 [1 +B f(h'lz- % ] km (L11. 19)
J

where

' 2 21!
B=[0.3a(1+20' n/e%) + £(n! +h!)°] (111. 20)
| 1"z 1tha)

%
2 2 r1+(hi+h'z)z/dz -
x1=0.5488d {rfhih:’-/d+0.075(l+2hih'2/d )] ; — [ (ut. 21)
L J “142h hy/d J
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The mothod given in (IL.19) to (llI.21) is applicable whenever d >> )\, Ifin

tion, h'l h'z << d)', the computation of B, and x, ~may be simplified as follows:

-
B = 0.3d+1(h) +hy) ]

Y
2 T "o r ' 2,2
x, = 0,548 B d {Lr hih}/d + 0.0751 |L1 +(h +03)°/d ] }

addi-

(L1I. 22)

(1L, 23)
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111.2 Diffraction over a Single lsolated Obstacle,
The theoretical diffraction loss curves on figures 7.1 to 7.4 have been {itted by
arbitrary mathematical expressions for convenience i{n using a digital computer,
The diffraction loss for an isclated rounded obetacle and irregular terrain i given in

section 7 as:

A(v,p) = A(v,0) + A(0,p) + Ulvp) db (1.7

where the parameter v is defined as

v=22NA/N = 22 aoﬂo)\ (7. 1a)
or
v=:2.ssse~JTa'l'a"72 I (7.1b)

and p an index of curvature of the rounded obstacles is defined as:

13 ;-1/6 Y

o = 0.676 & (7.8)

CIERNY

For an ideal knife edge, (p = 0), the diffraction loss is A(v,0) and is shown on

figure 7.1. For values of v from -0.8 tolerge positive values, this curve may be

approximated using the following mathematical cxpressions:

For -0,8s5 v = 0,

A(v,0) = 6,02+ 9.0 v+ 1,65v% db, (111. 24a)

For 0 s v =< 2.4,

A{v,0)=6.02+ 9,11 v - 1,27 V2 ! (111, 24b)
For v > 2.4,
A{v,0) =12.953 + 20 log v db, (11, 24c¢)

The theoretica) curve for A(0,p) is approximatcd by:
) - 2 3
A(Uu,p) =6.02+5.55 p+ 3.416 p +0.256p db, (1. 25)

and the curve U(vp) 18 approximated as follows:




For vp = 3: Ulvp)=11.45vp +2.19 (vp )Z - 0,206 (vp)3 - 6.02 db. (10, 26a)
2 3

For 3 < vp =5; Uf{vp )= 13.47 vp 4+ 1.058 (vp) - 0.048 (vp) - 6.02 db. (111. 26b)

For vp < 5: U(vp) = 20vp - 18.2 db: (1L 26¢)

An averagc allowance for terrain foreground effectsa may be made by aading a term
10 exp(=2.3p) to A(0,p). This term gives a correction which ranges from 10 db for
p =0 to 1db for p =1.

When reflections from terrain on either or both sides of the obstacle should be con-
sidered, the method given in the following section may be used., This method considers the
diffraction loss and phase lag over the diffracting obstacle, and the path length differences

and reflection coefficients of the reflected waves.




111. 3 Diffraction over a Single Isolated Obstacle with Ground Reflections
Diffraction over an isolated obstacle is discuesed in section 7, where ways of approx-
imating the effects of reflection and diffraction from toreground terrain are indicated. Where
the effects of reflection are expected to be of great importance, such as in the case of prop-

agation over a large body of water, the following geometric optics method may be used.

Figure III.9 illustrates four distinct ray paths over a knife edge; the first ray is not

reflected from the ground, the sccond and third are each reflected once, and the fourth ray
is reflected once on cach side of the knife edge, Each ray is subject to a diffraction loss [j
and a phase lag Oj at the knife edge, where j =1, 2, 3, 4, Both [j and Q), depend
on the knife-edge parameter v given in scction [l.2. When ‘he isolated obstacle is rounded,
rathcer than an ideal knife edge, the diffraction logs depends on v and ,, where p i8 the

index of curvature of the crest radius, defined in section II1.2. The parameter v may be

written:

v.=22NA N = £Nida . p TN (I, 27)
) J oj o

where Ai ig
(111. 28)

Path differences Aj uscd to calculate vj in (I1.27) are clusely approximated by

tae {ollowing formulas:

= = . = 0 +
A), d_ ej , d_=d d,/(zd), ej ejr
= = & H = " = + . 111. 29
O, =0 8, 22d b /d ), 8y = 2dy,dpldye By = 0 ¥ Oy ( )
The total phase change ®(v,p) at an isolated rounded obstacle is
2
B = @ (v.p) = 90 ¥° + 6lv,0) 4 60, p) + Gvp) (1L, 30a)

where the functions ¢(v,0), ¢0,p), and d¢{vp) are plotted as dashed curves on figures
7.1, 7.4, and 7.5 For an ideal knife edge, where the radius of curvature of the crest is

zero, p =0, and (HI,30a) reduces to

or v - ( Qj(v, 0) = 90 v‘2 + ¢(v,0) (111, 30b)

for v - 0 Ol(v. 0} = div. D) - (I 30¢)
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The three components of the raceived field which are affected by reflection from the

earth's surface depend also upon effective ground reflection coefficients Rczexp [-im - cz) ]

and Re3 exp Fi(w - c3) ] defined in section 5, and upon ray path differences AZr and A3r:
A, =r . +r -7, &> 2 \:12 d,.,d, ./d
2r 11 12 1 - 1 711 712° 1
Bap = Tay F T T ¥, 9y 9504, (L. 31)

Usually, it may be assumed that € ¢5° 0 so that the reflection coefficients are -Re2

and - .
AnC Re3

Introducing the propagation conetant k = 2 n/X, the attenuation relative to frec apace

i8 then
A= -20l0g. |t {0 )-R . f exp i(®, +ka.) |
T - e0dom | fyexpli® b - Rop fp oxp pi{@, H kA
- A - N
~ . s ] ! &£ ! fa l| . 2
Re3f3cxp!1(®3+k;}3)j +R,, R 5, expri(@, kA2+kA3)JI i}db (111, 32)
where
' C.-S
! 2 2 j j
= 1. -aC. - - . ¢ =
fj + iy (1 S.) +(CJ_ Sj) tan ¢ ¢ -5
b
g 2 Vs 2
: [ wt ) {mt \
- — ) dt, S, = in| ~=— ) dt, .33
<.j 50 coo\ . j So emK 5= ) L (111, 33)

Pearcey [1956 ], and the NBS AMS 55 Handbook of Mathematical Functions [ 1964 ] give
complete tables, series expansions, and asymptotic expressione for the Fresnel integrals

C, and S.. The magnitude ij!f(vj) for v=vj may also be determined from figure 7.1
)

and the expression
log f(vj) s - A(vj)/ZO (1. 34)
and whexre v is larger than 3;
A n/ 2 . -
f.3 0.22508/v., & = — 1+2v, radians {I1L 33)
J J I J
Figure II.10 18 4 nomogram which may be used in the dctermination of I(vj) and Q(v.))
)

for both positive and negative values of v, This nomogram is based on the representation




of Fresncl integrals by the Cornu spiral,

The general problem requires calculating 6, ¢, d n 120 o1
.,';1, and ¢Z' as shown in figure II.9.

1. Calculate 0, and A for j=1, 2, 3, 4, using (I1L.29),

. Calculate v;, Cj. S;, fj. and Qj, using (Ii.27), (LU0.33), and tigure 7.1,

2r

. Calculate R and R from (5,1), or assume that R - R =1,
(374 (33 ) e [N

2
3, Calculate A and A;r from (IL.31),
4

5, Substitute these values in (1I1,32).

To check the calculation of each vj, the approximation given in (IIL.27) may be used, with

th following formulas for @ . =d, 0. /d and 3 =d 0 /d:
o) 2] of 1y

ag, = d, 0/d Boy ¢ /¢
aoz=“01+2d11+1d2/(dld) 602_"501 +.Zd“g'l/-d

@93 7 Ayt 2, /e Pos = Bor * 200 )/,

@gg T %92 * 953 " %) Poa * 202 T P03 " Por- (I Se)

Two special cases will be described for wiidch (UI.29) and (HI.31) may be simplificd,
First, assume that each reflecting surface may be considered a plane. Let ht and htrr
be the heights of the transmitting antenna and the knife edge above the first plane, and let
hrm and 'nr be the heights of the knife edge and the receiving antenne above the second
reflecting plane. Assume that Ar i2 very small ter every A, Interms of the heights hz'

h , bk , h , the paramcters 8, d

tm rm r 1’ and d?, and the parameter dr F dle/(Zd);

-2 -
Alr - "ht htm/dl ' A3:' - Zhrhrm/d&
2 2
Al —drO , AZ_dr(0+htm .\Zr)
A.=d (6+h 5.5, A :=d (04h A +n A ) Il 37 !
37 r rm ~ 3r' ' 4 r tm “2r  rm 3r)' (1L 3¥) j
The second special case assumes a kaife edge over an otherwise smooth eartn of ,

effective rading 4, with antanna neights ht ant h small compared ta the height of the knyte
r
edge. In this case, 'nt arc hr are heights above the smooth curved earth. The angle of 1

elevation of the knife edge relative to the horizontal at sne antenna is 4, ¢ and relative to the
2%

horirontal at the other artenna is Cnr' Referring to (5. 12);

i-19




—e fr—r————
flgl 1 -h el .
8,0 " ht N By t 4h‘/(3a\) + eht '} v 8y =k iN ehr + “‘r./(h) + ehr } (1. 38)

For this special casc, the formulas (111.29) for Aj may be simplified by writing

2
. A3r dZI(Z hr)’ (111, 39)

2
8,0 = 8z, 9,/(2h). 8

3
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III. 4 Paramctera K and bo {or Smocth Earth Diffraction

In ~ection 8, the parameters K and bo arc shcwn on tigures 8.1 and 8.4 for
horizontally and vertically polarized waves for puor, average, and good ground, and for sca
water,

Assume a homogencous ground in which the relative diele_tric conslant ¢« and

. ° ) oo 3
conductivity ¢ of the ground are everywhere censtant, K and b are defined as follows:

I'or horizontal polarization,

1
4

-2 -3 -
K, - L7778 % 1075 ¢ (7 [e-0% +x%) (111 40a)
8l
.. ® ~1 ./( -1
bh = 180 - tan T > degrees . (I, 40b)
For vertical polarization,
2 2 L
Kv ={e +x) Kh (1. 41a)
-1 A -1
bv = 2 tan  {¢/x) - tan (\ = /' degrees (1. 4 1b)
where « depends on the pround conductivity ¢, in mhos per meter,and the radio frequency

Y, an megacycles per sccond, and has been defined by (1L, 7) ae

x= 1.8x 10% g/t

I is defined in sectinn 8 as

O
1
3

C = 8497/a)
0

where o 18 the cficctive earth's radius in kilometers,

. - -4 . )
When gff >> {/2)» ) , the paramcters K and b° may be written as
p y

- 6 - o
K = L32sx107%¢ f” P 1/2 , b, =~ 1A0 (111. 42)
h ) h
-
K = 2.35¢C ¢/2¢%% | 4 a0 (1. 43)
\Y (o] v
wid ahen o/l < (e 2) 10'4, the parameters K znd b° may be written as

2 2! 1 -

Kh ~ 1,777b6 X 10 (;C T e -1, bh =~ 90 (I11. 4+)

K =~¢K , L ~390 (111 4%)




h(r1)=r1{(rl) ) i(r1)=Ci(r1)aln Tt [ﬂ/Z-Sl(rI)] cos r | (111, 50)

and

h(rz) =r, f(rz) ' f(rz) = Ci(rz) sin r, + (m/2 « Si(rz)] cos 1,

T

T
Ci(r) = S ﬂ‘t-i dt ,  Si(r) = S\ “:" dt , (11 51)
0

<

Values of the sine integral Si(r) and the cosine integral Ci(r) for arguments from

10 to 100 are tabulated in volume 32 of the U. S, NBS Applied Math Series { 1954], Sece

also { NBS AMS 1964 ], The function h{r) is shown graphically in figures I11.20 and 121,

For the special case of equal effective antenna heights, hte = hre’ equation (I11.49)
is not applicable, In this case Ho(“a = 0) is cornputed as:

r 4
H (n =0)=101og } (111, 82)
o s irZ[h(r)-rg(r)]

wherc
g(r) = Ci{r) cos v - [n/2 - Si(r)] sin r (111, 53)

When the effective height of one antenna is very much greater than that of the other,
the computation may be simplified as follows:

’ 2
For r, << r_, H (r, =0)=10log } (1L, 54a)
2 1 o' 172
rz [1 - h(’z)]
v 2 -
For r, >> rl, Ho("u = 0) = 10 log 1-;—2————— } . (1L, 54b)

L [1=hr))
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F(8d) IN DECIBELS
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10.6 Transmission Loss with Antenna Beams Elevated

or Directed Out of the Great Circle Plane

The methods of section 9 may be modified to calculate a reference value of long-term
median tranemission lose when antcnna beamns are either elevated or directed away from the
great circle path between antennas. For many applications, the average transmission loae
between antennas with random relative orientation i{s about 10 db more than the basic trans-
misaion loss, which assumes gero db antenna gaine,

Figure 1I1.22 shows scattering subvolumes at intersections of antennw main beams
and side lobes, A tUscatter' theory assumes tha: the total power available at a receiver is
the sum of the powers available irom many scattering subvolumesa, Feoer high gain antennas,
the intersection of main beams defines the only important scattering volume, In general, all
power contributions that are within 10 db of the largest one ehould be added.

For a total radiated power W

-0.1 L” -0.1 Li

w /w‘= 10 . wm/wt = 10 (111. 55)

where I..s is the transmission loss and L‘_ is the loss associated with the ith power
r
contribution, w .
ai
-0,1 L,
i

= 10 / = - Y ,
Lor log (w‘, wt) 10 log L 10 (111 56)
i

2
L, = 30 logf - 20 log{d"/r ) + F(6, d) - F +H  +A -G, -G+ Ly - (111, 57)

In (LI.57) {, 4, and Aa are defined as in (9.1) and the other terms are rclated to
similar terms in (9.1), If the effective scattering angle eei for the ith intersection ie
equal to the minimum secattering angle 6, then F(eeid B Foi' Hoi are equal to F(9d),

F, and H, and G, +G_.,-L , = G , Note thata term 20log(r /d) has been added
o] o ti ri gl P o

in (1I1.57) to provide for_ situations where the straight line distance ro between antennas

is much greater than the sea-level arc distance d. Such differences occur in satellite com-

munication.

Scattering planes, defined by the directions of incident and scattered energy may or
may not coincide with the plane of the great circle path, Fach 'scattering plane' is
deturmined by the line between antenrna locations and the axis of the stronger of the two

intersecting beams, making an augle § with the great circle plane,



When ray bending must be considered, the equations for a, and pe are

d, secl
. Lt d sect )
To * %90 * T<9bt' 2 ' Na> =T <9bt' F] v My (1. 61a)
d_ secl
_ Lr . / d secl )
Pe " Peo* T \ ebr' 2 ' ha) =T \ebr' T N, (1L 61b)

where -r(()b, 4, Ns) is the hending of a radio rav which tav.s off at an angle eb above the

horizontal and travels d kilometers through an atrnosphere characterized by a surface
refractivity Ns' The ray bending T may be determined using methods and tablee furnished

by Bean and Thayer [1959]. For short distances, d, or large angles, 8 T i8 neglig-

bi
ible. 1if eb ig less than 0.1 rvadians, the effective earth's radius approximation is adequate
for determiming 7,
T<e doect v V. 94 (1.4 jaN)] (111, 62)
b’ 2 *Ts,/ " a " %o s’

[}

Thes ruference value of long-term median traaemission loss L.Br is computed using
(1.56) where the losses associatzd with scveral scattering subvolumes are computed using

(I.57). The attenuation function F(d eei) is read from figure 9,1 or figures UI,11 - II1.14

as a fuuction of eei.
The generalized scattering efficiency term Foi ie
Foi = 1.086(q'e/h°) (2 hc - h1 - he - th . er) b (111. 6 3)
where
2
0, =a, +B, 0 8 =a /P, h =8 d0 [(1+s) , n_=mn(h, N) (I 64)

and the other terms are defined in section 9. In computing the frequency gain function Hoi'

{ > = > = oo =

i a, >a  use r, = =, i pe po use 1, = =, then Hoi Ho + 3 4db. If both antennas
are elevated above the horizon rays, Hoi = 6 db., Atmospheric absorption Aa is discussed

in section 3. The gains th , are the fres space directive gains defined by (III.58),

is computed a¢ hown in section 9 replacing n, o 6, and @

and Gx-
and the loss in gain Lgi
by n .. 8, &, and 6 .




In computing long-term variability of transmission lose ior beams elevated above the
horizon plane, the estimates of V and Y given in gsection 10 should be reduced by the
factor i(Oh) shown in figure 1I1.24, with eh =0 :

b
V_{0.5,d,) = V(0.5 d ) «8,) (L1L »5a )
Ye(q. do) = Yiq, de) i(Gh) . (1L 65b )

The angle Bh used in (II.65) should be the elevation above the horizontal of the

scattering subvolume ccrresponding to the minimum value of Li'

- 40




SCATTERING SUBVOLUMES IN A SCATTERING PLANE

108 LonE

ILLUSTRATION OF A SCATTERING PLANE CONTAINING
THE MAIN BEAM OF THE RECEIVING ANTENNA

AMN BLAM AXIS

HORIZON PLANE

Figure M .22
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FREE SPACE ANTENNA PATTERN

INTERSECTION OF AN EQUIVALENT ANTENNA VOLTAGE PATTERN.
ANTENNA POWER PATTERN WITH POLAR DIAGRAM IN THE
THE SURFACE OF A UNIT SPHERE EQUATORIAL PLANE
: _ POLAR AXtS
POLAR PLANE PATTERN PARAMETERS
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CARTESIAN DIAGRAM OF TRANSMITTING ANTENNA POWER PATTERN IN THE EQUATORIAL PLANE

lf i I ] T i
L -

— Gy —

{SOTROPIC LEVEL

POWER GAIN IN db RELATIVE
TO AN I1SOTROPIC ANTENNA

HORIZONTAL OEVIATION FROM BEAM AXiS, 8,,, RADIANS
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I11.7 Long-Term Power Fadirg
Long-term power {ading is discussed in section 10. Figures 10.5to 10.16 show em-
pirical estimates of all-year variabllity for (1) continental temperate (2) maritime temperate
overland and (3) maritime temperate overeea climates. The curves shown on these figures
are based on a large amount of data. Estimates of variability in other ciimates are based on
what is known about meteorological conditions and their effects on radio propagation, but have

relatively few measurernents to support them,
Figures III25 to II.29 show curves of variability relative to the long-term median,

prepared by the CCIR [ 1963 £] for the following cliinatic regions:
(4) Maritime Subtropical, Overland,
(5) Maritime Subtropical, Oversea *
(6) Desert.
{7) Equatorial,
(8) Continental Subtropical.
In some cases, random path differences have undoubtedly been attributed to climatic dif.

ferences, Available data were normalized to a frequency of 1000 MHz, and the curves

correeopond to this frequency. They show all-year variability Y(q, de. 1000 MHz) about the
long-term median ae a function of the effective distance cle defined by (10. 3). Variability
estimates ior other {requencies are obtained by using the appropriate correction factor g(f)
shown {n figure 11, 30:

Y(q) = Y(q, de' 1000 MHz2) g(f). (1. 66)

The empirical curves g(f) are not intended as an estimate of the dependence of long.
term variability on frequency, but represent an average of many effects that sre frequency.
sensitive, as discussed in section 10,

Variability about the long-term median tcanamiseion loss L(0.5) is related to the
long-~term reference median Lcr by means of the function V{0, 5, dc) ehown on figure 10,1,

The predicted long-term median tranemission loss ie then:

L{0.5) = Lcr - V(0.5 dc) (11. 67)

and the predicted value fur any percentage of time is

L(g; = L(0.5) - Y(q) ' (IL 68)

* Curves for climate 5 have beex deleted, They were based on & very small amount of
dats, For hot, molst tropical areas use climate 4, and {or coastal aress where prevailing

winde are from the ocean, use climate 3,




I0.7,1 Diurnal and Seasonal Variability in a Continental Temperate Climate

The curves shown in figures 10.5 to 10,16 and III.25 to lI.29 represent variability
about the long-texm median for all hours of the day throughout the entirc year, For certain
applications, it is important to know something about the diurnal and seasonal changes tnat
may be expected, Such changes have been studied in thc continental United States, where a
large amount of data is avajlable, Measurement programs recorded VHF and UHF trans-
mission loas over particular paths for at least a year to determine seasonal variations, Data
were recorded over a number of paths for longer periods of time to study year-to-year
variability,

As a general rule, transmisasion losc is less during the warm summer months than in
winter, and diurnal trends are usually most pronounced in summer, with maximum trans-
miesion loss occurring in the afternoon, The diurnal range in signal level may be about
10 db for paths that extend just beyond the radio horizon, but is much less for very short or
very long paths. Variation with season usually shows maximum losses in mid-winter,
egpecially on winter afternoons, and high fields in summer, particularly during morning
hours, Transmission loss is often much more variable over a particular path in summer
thanit {s during the winter, especially when ducts and elevated layers are relatively common,

The data were divided into eight “time blocks' defined in table 1,1, The data were
assumed to be atatistically homogeneous within each of the time blocks. With more and
shorter time blocks, diurnal and seasonal trends would be more precisely defined, except
that no data would be avail:}blo in some of the time blocks over many propag ation paths. Even
with the division of the year into winter and summer and the day into four periods as in table
HI.1, it is difficult to find sufficient data to describe the statistical characteristics expected
of transmission lose in Time Blucks 7 and 8,

Table III.1
Time Blocks

No, Months Hours
1 Nov. - Apr. 0600 - 1300
A Nov, - Apr. 1300 - 1300
3 Nov. - Apr. 1800 - 2400
4 May - Oct, 0600 - 1300
5 May - Oct, 1300 - 1800
6 May - Oct. 1800 - 2400
7 May - Oct, 0000 - 060C
8 Nov, - Apr, 0000 - 0600

In some applications, it is convenicnt to combine certain time blocke into groups, for
instance, some characteristics of long-icrm variability are significantly different for the

winter group (Time Blocks 1, ¢, 3, 8) tiian for the summer group (Time Blocks 4, 5, 6, 7).




In other climatic regions, if the annual range of monthly average values of N. is
less than 20 N units (figure III. 31), seasonal variations are expected to be hegligible. One
would also expect leas diurnal change, for example, in a maritime temperate climate where
‘changes in temperature during the day are less extreme. In climates where N. changes con-
siderably throughout the year, the consecutive 4-6 month period when N. {s lowest may be
assumed to correspond to "winter', whatever monthe may be involved, )
For the U.S. only, the parameter V(0.5 de) for each of the eight time blocks and for
"summer' and "winter' is shown in figure IlI. 32. Curves of the variability Y(q, de. 100 MHzx)
about the long~-term median for each of these times of day and geasons are shown in figures
Il.33 to I11.42. These curves are drawn for a frequency of 100 MHz. Figures III. 33 and
111, 34 show the range 0.01 to 0.99 of Y(q, d... 100 MHz) for the winter time blocks, 1,2, 3,
8 and the'summer time blocke 4, 5, 6, 7. Each group of data wae analysed separately, Some of
the differences shown between time blocke 1, 2, 3, and 8 are probably not statistically signifi-
cant. Marked difierences from one time block to another are observed during the summer
months.

K Figures LI, 35 through 111.42 show data coded in the following frequency groups, 88-
108 108.250 and 400 to 1050 MHe ae well as curves for Y(q) drawn for 100 MHe. In gen-
eral these figures show more variability in the two higher {requency groups especially during
"summer' {(tlnie blocks 4, 5, 6 and 7), Because of the relatively small amount of data no at-
tempt was made to derive a {requency factor g{q, {) for individual time blocks.

The curves for summer, winter, and all hours shown in figures 10, 13 through 10,22
represent 8 much larger data sample, since time block information was not available for
some paths for which aummer or winter distributions were available.

The smooth curves of V(0.5, de) and Y(q, de' 100 MHez) versus de shown {n fig-
ures 10.13, 10,14, III,25 to 111.29 and III. 32 to 1I.42 may be represented by an analytic func-

tion of the general form:

V(. 5)

. roM 1 3
(0. 1)? = <, de - fz(de) \ exp (- €4 de )} + Iz(de) (I1L. 69
-Y(0. 9| ) )
where
n
Qe =1 Ut~ exsiec, 0. (. 70)

The terms cl, CZ' c3, nl, n,, n3. tm' and t‘m° in (III. 69) and (III. 70) are constants
for any given ti..1e block and value of q., The parameters {m and {, are maximum and
asymptotic valurs, respectively. Tables III.2 to [I1. 4 list values of the eight parameters ra-
quired in (111. 69) to obtain V(0.5, de) , Y(0.1, d'e, 100 MHez) and -Y(0.9, de. 100 MHz) for the

eight time blocks in table 11I. 1, and for summer, winter, and all hours. The constants given

111-46




{n Tables III. 2 to lII. 4 for summer, wintar end all hours ware determined using only radio
pathe for which ime block information is «ailuble, They do not yleld the curves shown i{n
figures 10.13 and 10, 14 of section 10, which represent a much larger data sample.

Tables 111, 5 to I1I, 7 list values of the eight parameters in (1II. 69) required to compute

V(0.5), Y{(0.1, de, f MHz) and Y(0.9, de, fMHz) for each of the climatic reglons diacussed in
section 10, Volume 1, and section IlI.7 of this annex,
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Ii1. 7. 2 To Mix Distributions

When a prediction is roquired for a period of time not shown on the figures or lieted
in the tablcs, it may sometimes be obtained by mixing the known distributions. For example,
‘the distributions for time blocka 5 and 6 would be mixed if one wished to predict a cumulative
distribution of transmission logs for summer aiternoon and evening hours, In mixing dis-
tributions, it ie important to average fractions of time rather than levels of tranemission loss,
Distributions ot data for time blocks may also be mixeu to provide aistriputions for other
periods of time. For example, data distributions for time blocks 1, &, 3, apd 8 were L
mixed to provide distributions of data for "winter", When averages are properly weighted,
such mixed distributions are practically identical to direct curnulative distributions of the
total amount of data available for the longer period,

The cumulative distribution of N observed hourly median values is cbtained as
follows: (1) the valuce are arranged in order from smallest to largest, Ll' LZ' -L3. -—

Ln, -e=y L {2) the fraction q of hourly median valuee lces than Ln is computed:

N’
ain) = ¥ - ',_—lN—i

(3) a plot of I.,n versus g(n) for values of q from 1/(2N) to 1 - 1/(¢N) is the

observed cumulative distribution.

To mix two distributions, the following procedure is ueed: (1) chooee ten to fifteen
lcvels of transmission lose Ll’ -, Ln' covering the cntire range of L{q) for both dis-
tributions, (2) at each of thesc levels, read the value q for each distribution and average
these values, {3) plot each selected level of transmission lose at the corresponding average
fraction of time to obtain the '"mixed’ distribution. In this way, any number of distributions
may be combined, if each of them represents the same number of hours, If the number of

hours i not the same, a weighted average value q should be computed, uasing as weights the

number of hours represented by each distribution.
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The curves for cllmate 5, Maritime Subtropical Oversea, have been deletea, These
were based on a very small amount of dats. Data cbtained since the preparation of these
- curves {ndicate that the following give good estimates:
Climate 4, Maritime Subtreopical Overland, for hot moist tropical areas or climate

3, Maritime Temperate Oversea, for coastal arean where the prevailing winds are {rom

*he ccean,

11-56



Zem

SYILIWOUN NI ' ¥p

®.nbr y

* 3ONVLSIG 3AI1L33443

v . _
o _ ‘f I.,-_ d T~ oo~ | ~r— /f F‘

: _ +~| ﬁl 10000= b . , w ]
L [ U S S S N
P! ‘ | o P o
i ; N : _ _ _ _

_ t = P _ “4 JI.- b e S o |_ﬂ A Sk S e
) t | ' ' '
| _ ‘ m _ ; _ _ | : ' !
o DI t b s mme—— g b Sttt | il i -~ o
__ T S C
m L[ ! _ _ ! N . 1 i | ! | |
VHVHVYS ‘183530 '9 JLVWITD

of

1]

10§

£13861230 NI (THW 0001'%'D)X

m-57



82 #4nb) 3y

SHILIWOIN N1 ‘2P * IDNVLSIQ IAILD3 343

006 008 001 009 00S 00y 00 002 001 0

AVIHOLVYNDI ‘2 ILVYWITD

$7381230 NI (ZHW 0001'®p‘b) A

I-58




0L

62l einbyy

SY3LIWOTIN NI * 2P * IINVISI 3IAILDITI43

009

00§ 00y 00f

| ;
| i

i e s P
|

i

— »
Hll.luiﬂi e s
I

v21d40y18ns

JVININILNOD ‘8 3LVWID

§1381030 NI (ZHW 0001 * ®p'b) &




os'm snbrg

S/9W NI ADN3IND3YS

TR

2 IHUB

POy

i'r‘

aei
L

. o-nli_

I
|

Tday

m-60

(4)b

i o EBER ]
J1vYNi1D . . - S -3
17214081 -BNS TVANINILNOD 8 - RN AR I

M RE B . : '

. IR R .
: B I X A o . - b - -
“ Ll i . . e ool k- . s

LANVY'S'b SILVWITD 803 1= ()6
(4)® ¥O1ovd 3IHL




1€ eund) 4y

OBt 308 OM O OO 08 09 Ov 02 3 O MOZ Or 09 08 OO O3 OM O MOW
S - _ .o.:“ﬂ. V8 WD m ﬁi«u( S
o8 | o = \ L a |oe
Y » \d‘nlf./f h X -
oL = " \wnoss g oL
LS - \../[ILYI\.\.\!\L\\ -
09 — Tt o
o | ¥ . - \\\ 11 / MTT M| os
LT AT A TR
o | w . ~+\g | o
A : 1 i
oc : \ I '3 cE
!l NN N = N :
o1 7 M Y, § R e oz
ol O .-4|1L % A \ @\L\ { \ —h L ) ] ") fedu ol
o| "N PREERG | NSARINN (| NI | T [
o % A m 2 \ \JN - “HL N re W\ . Lo_|T7 \\r ® o
%. A4t o NS R T A %.
o l_ilﬁfl | D ) //ro A 0 // Ryt
oz IS 3 Z, ] b\ s N o A% oz
o T T N P P NNEERAP S
* I N N 37 g= So mmyinarelil e
or ¥ \w\\ NWH z, -1 & .ﬁ frs Lr) \ AL o
1" .
BN NIRZRNANE S A SNGR VY]
0% b . Ml V ~ | ~N Y T 4 o
LIV hk\x\) S~ N\ A}ﬁ\ ) N . %
09 .m —‘ - \\ P 4 IF Lo . N : | uﬁl/‘ﬂ . 09
NN I’ L gNED Sekes, | CA X B
“| TR S L VTN Ny T T i
o8 o j foadr T i ’ o tee “\lh ~ L — 0 08
=== rflT 7 \
N L j _ _ _ — ~ h L ] i H > : N 1 N
o 309 oM ou OO 9 Oov OZ 3 O MOZ Or 09 08 O® O2 OW OF mOm

NVIN ATHLNOW A0 IONVYH TVONNY

o -6l



2§ M oinbry

SHILIWOI N1 * ¥p  3DNVLSIG 3AILD3443

008 001 009 00S 00y o0¢ 00 001 0

EEEENE

L -
§17321930 Ni (*p ‘GOYA

. . . 2- o
| | L 5
_ =
HILNIM
| | _
| TUNONR IV
__ HINMAS - \
1 ‘ $
0090-0000 D0-AYW L 0090- 0000 NHdV-'AON B8
00p2-0081 '1J0-AVK S 00¥2-0081 HAV-AON T
0081 -00€1 1J0-AVYN 'S 0081-00€1 Hd¥-AON T
Q01 -0030 1I0-AVA ¥ 00€ (- 0090 HdV-AON 1
¥IWNNS HILNIA
X3c78 3mil

qp (*p'sCIA- = (g0
‘w'S'N SHL NI 3WIL 30 SQOIN3d SNOIBVA ¥Od (%P ‘GOIA NOILONNG 3HL




so

CE T eunbty

SHILIWNOTIN NI ‘¥p "IDINVISIA IAILI2333

0! 009

00

100 {E=

0 0ot 002
HENEEREEN ] m et
_ L - ol IL“ AL NN .. .
[ L . A WY MU SN SRR S ruﬁl | . ._|.-|Ml:. - oy N B
AN R S U SO S UG SO ANE
g & \
] N NV R S
S W Y SV (R
l:ruﬂw“T.alulﬂuM ..Il“hhulul.l..lhl. |llr “H.H.WW“”I.-
_ S S I....I_ _
_, |
. J nl_*. -..w--,_ﬂ--_.l —
- --w..w._u...w!._.luﬁﬁwmm -
..... S N Y Y -.Tl.._w-u_v.*l )
— ; ‘SuH 0090 - 0000 '8
| _ ‘SHH 00PZ - OCBI § + — =" —

T GuM 008I- 00FE 2 — — === ===

# ‘SuH O0EI - 0080 | e —m = = —

1
——
|

¥o01® 3L _ i _ |

I O ) N
i

ZHN 801 -88 HO04 S3AYND
‘¥ 'S N ‘¥dY - 'AON ‘SYJ0718 3INIL HILNIM

§12361230 NI (%p'D)A

n-s3




+C I einbiy

SY3LIWONN NI ‘?p ‘IONVISIC 3AILD3333

0 008 00! 009 0s [id Ll 002 001 [

L =
N
P N\
Ay
AYAY
> = "
- \\ \.\ L%\ l/ 1 "-
rj\\ g .-t \.\\ /' /
’ - . o -
oa.’mTl..l. JERRS R RS GUpn SR .l.lil.._i..l.rl.ﬁl.]AT —— | T 4- L —p— ///.
‘ﬂ’/
4 N S — J..A .
‘n
I//
‘ NS
50 | | \\. ' m
- -4 J_..Jll _| 4 - \ a “
| : ' <
Tt -1 i - e y; \ - '
1 1 i | \\ z m
7 T o
4 4 a
- T=F=F4=1 ~ T \ J; &
A= — = = d Tl T | 7 oo
b i s e P g sy ey~ —~t-—t 1 ! i)
g e~ L
1 _ - . R <. T I S r// . \\ / Q
/. S “
- S /. b 4 ’ &)
‘SYH 0090 - 0000 L —-- +—t .ip.ll. I 3 ™ ~C / \\
“SuM OOPZ - 008 B - == - - —_— Lo ! N \.
‘S¥H 0001 -~ 00E} '§ ~=m=m=m=—e—= i =T J4/i r )z —®
P . ‘SHH DOE) - 0090 P == = — — = - 1 =
| %3018 W/ L # | B
t 0 S S _ . S S . S I R SR S S ]
- ~ SR L ! i,
-+ -1 e —_— TIIT.. - ﬁ..l—. 1 - [P NN S T f—- 4 - — g — ...n+.|l RIS T ~ J—
| _ i # | I ot

ZHAN 801-88 HO4 S3AM¥ND
'WUSN ‘CLD0 - AVW ‘SM2018 3INIL HINNNS




9¢ I e4ndiy

SY3ILINOTIN NI ‘¥p ‘IINVISIC 3IAILII 33

[m-66

$1291230 NI NVIQIWN WN2L1-ONOT 3FHL LNOBY ALINIGYINYA

o [ ol 009 008 " oot 062
| HEERE HERE
| 1 _ _ S IS S T - —
o
_ [N W W T VR SO A I d
L X e (23
— 1 - N S lﬂ - - A S 2
L ) L : .
"o td4 INERREEE A RE ot .
—t e 4 —_ |T..w.! n\. s .-“W.lg I
80 .
| —T- 1 - 41 —t—t—1TT 1 1 1 =] l..#ﬂ L] --._-!. ..... Jl...r
* |-_I N N VR SN R O U P SO AU N N MO Iw.lll A I ,
_o 1 1 |ﬁ| b_ .
. 1 BRI e g o : =
100 - - h._.| : P . of
b t ™3 N[
- . | Ty
4 Nh IAII .|L|..AFI.. J- _ |_‘ - -v // oo -
: : M M b
T T < |
- I N : 0 d ly 9
2 T T o
— | o ° osol-00y -~ =i bT _1 Po-. o
v v 052 - 80! I+|._! wl,hl P S ]
o . 80t - 88 ._ | ! I Loc !
860)A '(ICO)A (601 (1014 Nl | T « 1 w% 1
' J uoou | .uzu:ouf .J.I__.! “n . __. !IT.M- 4 -h. L _ﬁ‘ d ?
i T _
R f- R it e T
I : i v
F _7 i_ S R B ML
o - LU IR A S| . B
o _jﬂ_ﬁ NN e T

ZHN QO—nwm 39NVH AON3NO3¥4 3HL ¥OJ {° ‘b)A MOHS S3AUND
‘¥v'S°N “"SHH 008! - O0ET ‘T¥IV - "AON ‘2 2078 3NIL




€10 eunbig

SHILINOUIN NI 2P "3ONVLSIO 3A103343

008 201
B
M [
* ” ) 1
N m
— 4”|| N |_.||!.
RS

660 1

60

6o

10

a

L

;
1
4
“
——
|
_
|

'
i
. o501-00y -
v i~ -901 i
J A
. 6Ot - 98 ﬂﬂ

PN SO

L T R
ANEO2NS !

RN . —]
: - — | Juﬁ .*. w.. _-ﬁ. w.|+ —r— . .1 - Iau,... 'lu. .4 n | ..m. . » | : ! |— |
; m -_mlf .m_.|zw|4-. __-,-m T |.|1M!Mx.w||q!lm|ﬁ.. S St S et el s S
! b Lo R T A S R S S
v : e S e T HJ_T T H T T } T 17T 1
: J 1d _Ir [ i b ! | A S SR S St S N a8
THI BN - 88 I ¥ AON3NOINS IHL HOs {®P ‘DA MOHS SIANNT
‘weer SN YO¥Z - 0081 ‘NHIV - 'AON ‘€ XJ0T18 TW!lL

!
=
571201930 N AVIOIN WB3L: ONOT 3HJ

-

1nOFe AL NBViI¥VA

w-67




8¢°m 9.nb: 4

SYILIWOUN NI *°p 'IINVLSIO 3AILII 443

[ 009 [ L] 009 08 00v 00f 02 001 3
| T T T P T %"
- %lnn..l— - It LI
: | T & f
L BESEE. — 0 |
! | o |
_ T P aR)
. i i i I I m 1 4.‘..V - p “ﬂ; ﬂ £
|2 p—— - e L 8 ln.f - bede b —pl- @
m _ _ o v o l' e .CPQ o W
—t t v b-— <
RN N N s el o elel 1405
660 T rl — — { l\.\\ o <
e —tT »
so—— g | i ) ! 3
T T T - g
SO—— } 1 6 -
rof—— - " 1 I =Y . ©
10—t - TEEERRS =Y _¥ u\m 13 a
P - 4
b I - c,iA/r 3 * m
doob L /[( » . D P g _\ ] :
w v 1+J S
| ™ < v | m
;] a| * v \ - »
[ NS SN PR SpUY Sy - - 141!4 . jl __w P o z
R B : ! g ~
! ' . |__L ' v_iv / N z
b T e bbb :
L S v osz-ear L 0 1oy UL RSN 4 ]
T s S LTI T 1. 8
1 T (€80IL(0TIA (60IA'UIOIA e Rl T ;_1.14"11*!%! |+_|A:,,-m1 Lnl-q o 1 ® T
- 3009 ANINOIWS L | g ) _Ibr L_a.#. L w v
B L] | RN
— - T T T N
; ; + + 4 —l . e } S S S
Ll | g R . .ﬁn m : F_ “ | g et | | ‘__. [ ﬁ [
| T “ T D S S R A A B e Hh S
L | 1 1 i " . 2 i i J F_ S — N | . 0f

ZHW 801 - 88 3ONVH AJN3INO3IY¥I 3IHL HO4 (*p 'D)A MONG SIAHND
'¥'S°N ""SHH 0090-C000 ‘H4V - "AON '8 320178 3SN'L




660

60

§o

100

6¢ I snb 4y

SEIL3INOTIN NI '?P '3INVISIG 3A11D3443

008 009 00! 609 n0¢ 002 001 b
| 1 1 | T 7 . I T T 1 T
[BERERERREREERRERS e i el
T i R A T TR T i T
N ' L e B o g b e e e
T CTTTr T
T SR BMEIIET 7/On IR R
N [ L A 4i_ﬂi”r._4 [ R I B CH A W LS SR B
T T | IS S N T e TN T
o ; i | .Tut P. | Lot ,.L
— i TR R T
i | O N G S S BRI SRR ol D N
“ A . o oy «|_...~. AN | o |
T T T IR X S B S R B I L VL VT B
! : \ N N - :
- 1 YT T vTTIT T f I e — m i
I ﬂ M ~ A_ﬁ ,— a " _ _ — H * ;
] | L |
T T |
“ ) INERRREEE
ot [ !
H " 4 {
_ i

l.-.. -w,l ﬁ
| TI A
1 ° . 050t - 00%
| v v 052 - 008
M ° . 801 - B9
“ (08°0)A(10TIA (6°0)A'(1TRA IHm N
+ ; 60 ADNINOIU
: ' | 1

+——d

.

..
|
~

INN 801 - 88 3JONVH AON3INO3IY¥S 3HL HOJ (%P 'D)A MOHS S3ANND

‘'¥°'S°'N "SYH 00€1-0090

430

AVAN ‘v X2018 3NWIL

[

$73091230 NI NVIO3IW WEIL-OMOT 3HL L1N0BY ALINEGBVINVA

69




0¥ [ 940014

6u313IN0INt N1 '%p "FONVLSIO 3A1L23 333

006 008 o0t o 0% 000 o oo o %
T “ J M _ T _ Kg0Z-) _
T ! . M T
N N | L !
p 4 L - ° o ] :
B R NEREE
. _ M LS % 1] ~‘
. - M [ LN 4 ° ”"-
“ _ ° ol M .o v Ld
] . [
50 ) ol l“_ n. ° wa h
S . ! . \oAMc * <
80 - — —
L 2
T T 1 —
50 T _ f :
\ . | ' '
| [ : RN | .
1o ﬁ ] 1 1 = ¢ . > o ®e de
_— i L —— T o
190 = oh? 4
U \wr R b * ~ jr“ -~ ~ &_
_ ! /’O.v ° vo * t i
_. € /f o il
_ 0501 - 00 _ 3 N%m
o ® -00v , °
| | v v 052-50! : ] °Fo R
! T ° . 801 - 88 ! _ m ﬁ r oi © _ ST
—t _ b eoirtoon @oIAIoIR M NI I A R 4" 9 _ T w ®
~ “ 300 AIN3INO3YI [ S S T l L s |
T T RN T
! X L 1 1 ! I .
| __ : .--..-.-I_ra..kl._,l.__|._|+..._ﬂ * — . S R ol A
1||+ .y _<I| PR Sh% n——— ——- v .<.l.4||.l+! - i el i ———— .|.*||¢| il.lll._l. T - \_ll.uﬁlfll.lu
I C Co | Pt A ;
-1 4 — .:*-ll..l: O T .A_ I T ——— e — .».:ii:A.|T —_——— e -
S S I I _ S S R R

ZHW 801 - 88 3IONVY AODN3IND3H3 3HL HO4 {p 'D}A  MORS S3A¥ND

v's'n "SYH 008l - 0OE!

‘"120

- AW ‘G 20718 3NWIL

$73081030 NI NVIG3IN WH3L-ONOT 3HL LNOAY ALIVIGVINVA

m-70




1% M 9nbiy

SHILINOTIN NI “?p '3ONVLISIO 3ANDIS43

008 008 0oL 209 00§ 00 00t 13 so1 [} 0
A S 17 ] .- T T 22- T L i
S T T T R T
1 Lo _ v q_ g 1 L
T | i WNREERER
e : w | + |_, - - o . N o L H\ -] 4» 4 __
! T . ;
e L e -
t J 7 <
ot “ | “ . _ o\ﬂ\ R A . P - 3
R IR EEEEEE = Bk T
‘OO T l«’. W ! _«‘ ‘ _ o .0 A .J ° M H
" T o R —+ 2
. ! | I . L * _ o.o o !
¥ T ! 1 i = N1 3
| _ | |
i —a _ L B _ ] 2
0 ! Il m ! D I _ | Yﬁw =
’ r ; T + T 0 - -_—
P _L 1 N B | 1 LA -4 ~
] 3 T i - T e T _..4' T - .
! ! | A . c 5
rop—— ! T R R 2
+ T— - b : Aoy T _
! [ I | I e 4 | S
T T ﬂ \Tq T w v e 1 P
| Lo M T~—" o x
100 — t T v ! % LU
b ‘ : . i e o2 ¥ qoe&oo o
T ] EEEEa=SCENFRRRyEREE I
qh . W m “ _ 101/ [ v — z
. a . 0501 - 0O¥ + h: o
L v v o U I T O O O B D 4 R
! ! M ° . oi-08 | T M ! P P S 0 s
I SETICU00IA (S TIALION w7 L I ! lﬂw —R -
. + 300) AJNINOINY + ’ . i 4 ! it
L | g pp g Ll ! ol | !
T T —1 - - +
: | w “ M; oy | — | |~|_ !
— _ T T T I
< 1 T T A A R A I L . ! T
L] ] HIH ! ﬁ SR i . P | ) : Py o

ZHW S01 - 88 3ONVH AON3NO3¥4 3IHL 504 (°p‘D)A MOHS S3ANND
‘V'ST ‘"SHH 00b2-0081 '"120 - AVA ‘9 32078 3INiL




s Ua L

2o eanbiy
SHILINOTUN NI PP ‘3INVLSIO 3AI1D3443

Lo bl 008 00% 00 00k

o
- f
~
d L]
v L
jh M id °
o0 et _ \A N °
i 4+ o .
§9 N
>
N Y
S0
w . .
X o . A
. v oa
e ~ LD » Z)
."I - Arvlvl\ )
g o v
) _—
v . sz 50r N
° Y 80t - 98 // . \
“p .g..io.uvhu-.o:.:d.» \ uﬂwﬂo .u.nc “ 1 J/_ X 7
] | L [ | P ! [ _f ° l."~
T i T T _ﬂ
RERE | NN RN T 113
N 1 B S A S S S i T
B IR NN

ZHN BOI - 88 29NVY ADNINO3IHA 3IHL HO4 (®p ‘D)4 MOHS S3IAHND
VSN “SYH 0090-0000 “L20 - AWW ‘2 »J2078 3mL

o

$7381030 NI NVIGIN WNIL-ONOY 3IHL LNOSY ALITIGVINWA

m-72



Alv)

c., ¢
h v

€

Ci(r), Cl(rl),

fl. fz. f3, 14
f(rl), l(rz)
f(v)
(\j

f(Bh)

ol

d
F(8 )

By Bpy

8(f
Qb' vat
ri ti

., h
rm tm

INI.& List of Special Symbols Used in Annex III
Attenuation relative to free space for ezch of several rays ag a function of the

parameter v,, where §j=1,2,3,4, (111 34).

The parnmetir b, = function of ground constants, carrier frequency, and polari-
zation, expressed in degrees, figure 8.2, and equations (IL1.40} and (Ill. 41).
The parameter b for horizontal polarization defined by (IIl. 40).

The paramete: b for vertical polarization, (IU.4l).

A parameter showing the phase change associated with the complex plane wave
reflection coefficient R exp [ -i(w-¢c}) corresponding to reflection from an in-
finite smooth plan~ surface, (5.4) fijgures III. 1 through II1. 8,

Values of ¢ Yor horizontel and vertical polarization, respectively, (III.13) and
(I11. 14) figures LI, 1 through II1. 8.

Fresnel integral, (ILIf.33), where j= 1,2,3,4.

Ci(rz) Cosine integre!l as a function of r, (I, 51), T and T, (LI1. 50).
Distance used in calculating ground reflections in knif{e edge diffraction; dr is
defined by (III. 29).

dZZ Distances used in computing diffraction attenuation with ground reflec-
tions, (II.31) figure II1.9.

Diffraction loss for each of several distinct rays over an {solated obstacle,
where j=1,2,3,4, (1, 32.111, 395).

Diffraction loss for each of four distinct raya over an {solated obstacle, (III.32).
1 and rz, (111. 50).

, (U1, 33) figure III.10,

Functions of the normalized antenna heights r
A function identically equal to fj for v= VJ
A factor used to reduce estimates of variability for antenna beams elevated
above the horizon plane, (Il.65) figure LI, 22, See Bh and Bb.

Scattering efficiency correction term for the ith lobe of an antenna pattern,
(111. 63).

This function {s the same as F(8d) with the effective angular distance G)ei sub-
stituted for the angular distance, 6, annex I, (lI.57).

A high gain antenna radiates 8y, watts per unit area in every direction not ac-
counted for by the main beem or by one of the side lobes of an antenna. The

galn g, for a transmitting antenna s gbt' section III. 6,

b

A frequency correction factor shown in figure 11I.30, (111 66).

Decibel equivalent of 8 Gb = 10 log g., and of g, , annex IIl mection II1. 6.
th b bt

Gaire of the {1 1lobe of receiving and transmitting antennas, respectively,

(1II. 57).

A helght, using elevated beams, that is equivalent to ho for horizon rays,

(IL. 63).

Helght of a knife edge above a reflecting piane on the recelver or transmitter

side of the knife edge, (LII.37).
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A function of r shown {n figures I1I. 20 and IOI.21.
A function of rporr, defined by (III. 50) and shown on figures III. 20 and
. zi.
The frequency gain function for the lth beam intersection {n a scattering plane
(IlL. 57),
Represents a seriea of subacripts 1,2, 3,4, as used in equations (IL1.27) to
(I11. 35),
The diffraction parameter K for horizontal polarization, section UI.4. * 3
The diffraction parameter K for vertical polarization, section lI. 4.
Loss in antenna gain for the lth scattering subvolume, (ILI.57).
Tranamission loss assoclated with the 1&).1 power contribution, (1II.55) and
(1. 57).
'LN A serles of hourly median values of tranemiseion loss arranged in
order from the smallest to the largest value, section III. 7.
Transemission loss exceeded a fraction q of the time, (LI, 68),
Parameters used in computing the magnitudes Rh and Rv of the smooth
plane earth reflection coefficient R, (Il.10).
A unit of conductance, the reciprocal of resistance which i{e measured in ohmas,
figures 12, 1 to 111.8,
A function of the dlelectric constant and grazing angle ueed in computing the
plane wave reflection coefficient, (LII.8).
A parameter uscd in calculating a plane wave reflection coefficient, (II1.7) to
(111, 14).
L Diastances to and from the bounce point of reflected rays, (III.28) fig-
ure 1I1.9,
Plane earth reflection coefficlent R for horizontal polarization, (1lII.12) and
figures II. 1 to 111.8,
Plane earth reflection coefficlent R for vertical polarization, (1II.12) figures
II.1 to III.8.
Path asymmetry factor for brams elevated abuve the horizon,

(I11. 64) .

s, = /B,
Sine integral as a function of r, (III.51),

Freenel integral, (III.33).

The parameter v for each of j paths over an isolated obetacle, (III.27).
Contribution to the total avallable power from the ith scattering subvolume,
(II1.55) and (IV.11).

Points at which a first Fresnel ellipse cuts the great circle plane, 1I.18 to
111.23.

The angles between the ""bottomas' of tranamitting or receiving antenna beams

or side lubes and a line joining the antennas, (. 61),
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ael' eei Angles a, and be for the ith lobe of an antenna pattern,

a o ﬁeo When beams are elevated sufficientiy that there is no bending of the ray due to
atmospheric refraction ae = aeo' ﬁe = peo' (111, 60); when ray bending must be
considered «, and Be are computed using (IlI. 61).

aoj. poj The angles a. ﬁo made by each of j rays, over an {solated obstacle, (III, 36).

@ am, }30 N ﬂm The angles al and po for each of four rays over an ho-lated obstacle,
(LLI. 36).

6 A parameter used in computing the firat Fresnel zone in a reflecting plane,
(1. 18).

) The effective hal{-power semi-beamwidth of an antenna, section UI.6.

6e The effective half.power lem'i-beamwidth of an antenna that is elevated or di-
rected out of the great circle plane, section II.6.

6o The semi-beaimnwidth of an equivalent beam pattern with a square cross-section
60 = 5\vn /4, section III, 6,

6rwo' 6two Azimuthal equivalent semi-beamwidths with square cross-section, (II.58)

figure 111, 23,

6{20. étzo Vertical angle equivalent semi-beamwidthe with square crose-section, (III. 58)
figure III. 23. .

bwo Azimuthol eaulvalent semi-beamwidth with square cross-section, section III. 6,

6:0 vertical angle equivalent semi-beamwidth, section IIl. 6.

A, The J'® value of Ar, where Ar = £+ T, -1, (LI.2T) and (II.29),

Al, AZ' A3. A4 Ray path differences between a direct ray and a ray path over a single iso.
lated cbstacle with ground reflections, (111, 28) figure (LII.9).

A“. AZr' A3r' A4r Ray path difference between straight and ground reflected rays on
either side of an {solated obstacle, (I, 31), (LI.37),

« Ratio of the dlelectric constant of the earth's surface to the dielectric constant
of alr, figures 8.1 and 8,2, annex 1I.4.

Crofa Angle between the axis of the main beam and the axis of the first side lobe of
an antenna pattern, figure I1II.22.

Cwl’ w2 Azimuth angles of the first and second lobes of a transmitting antenna relative
to the main beam axis, figure LI, 23,

ol Yte2 Elevation angler of the first and second lobes of a transmitting antenna relative
to the main beam axis, flgure II.23,

14 The angle that a scattering plane makes with the great circle plane, (I, 60),
(L11. 61}, and figure III. 22,

Tye A function of he and N. usec in computing FoL and Hoi for scattering from
antenna beams directed above the horizon or away from the great circle plane,
(111 64).

Ob Angle of elcvation of the lower half power polnt of an antenna beam above the

horizontal, (IL.62). See eh and f(eh).
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Values of Gb for the receiving and transmitting antennag, respectively, (Il 61).

Values of eb for the im beam intereection, (III, 59).

The angle between radio rays elevated above the horizon and/or away f{rom the
great circle plane, (III, 64).

The angle 9e at the tm intersection of radioc raye elevated above the horizen

and/or away from the great circle plane, (III,57),

.0 n The angle ee for the {irst, second, .., nt'h intersection of radio rayas,
e

figure III, 22, .
Angle of elevation of a knife edge relative to the horizontal at the receiving or

transmitting antenna, (III, 38),

Angle between direct and/or reflected ray over a knife-edge, where j=1,2,3,4

as shown in flgure 11,9,

Angles defined {n (11I.29), where j= 1,2,3,4, which are added to 6 to determine

6, =606+ ejr .

J
[:] Values of 8 for j=1,2,3 4,(I11, 29).

T::e angle between 1:.” from the transmitting and receiving antennas over an
isolated obstacle with ground reflections, figure 1II.9.

Surface conductivity in mhos per meter, figures 8,1 and 8,2, section 1II.4.

The amount a radio ray bends in the atmosphere, (ILI, 62),

Bending of a rad{o ray that takes off at an initial angle eb and travels d
kilometers through an atmosphere characterized by a surface refractivity N. ,
(111. 61).

Component of phase lag due to diffraction over an idealized knife edge, (7.13)
figure 7.1, and (111, 30},

Component ¢f phase lag due to diffraction over an {solated perfectly~-conducting
rounded obetscle, (7.13) figure 7.5 and (I11. 30).

The componeat of the phase lag of the diffracted field over an isolated perfectly-
conducting rounded obstacle for v =0, (7.13) figure 7,4 and (11, 30).

The phase lag of the diffracted ficld for the Jth ray over an {solated perfectly-
conducting rounded obstacle (III, 30a), ‘where j=1,2,3,4,

The phase lag of the diffracted ray over an isolated rounded ohotacle for the jth
ray, 0j(v, p) = Oj. (I1I. 30). "

The phase lag over an ideal knife edge for the § ray, (L. 30),

ol. .90, 04 The phase lag Oj(v. p) for values of j=1,2,3,4, (I11.32),

LN A

q’rl' Wti
‘#l' 4}2

The angle between the plane of the lower half-power point of an antenna beam

and the receiver or transmitter horizon plane, (lII.60).
The angle q;r or \,';t for the ith lobe of an antenna pattern, (III.59).

Angle of reflection at the ground of a reflected ray that passes over a knife-
edge, (L1, 36) figure 11,9,
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32 The half-power beamwlidth, &= 26, (9.10) and flgure 1I.22,
I ,ur ARY] o utl Half-power beamwidths corresponding to 260, 2.61 for the recelving and

transmitting antenna patterns, respectively, figure III,22.
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Annex IV
FORWARD SCATTER
IV.1 General Discuseion

This arnex discusses some of the similarities and differences between forward scatter
from refractive index turbulence and forward scatter or incoherent reflections from tropo-
spheric layers,

To scatter is tc 2pread at random over a surface or through a space or substance.
Scattering which tends to be coherent is more properly called forward scatter, reflection,
refraction, focusing, diffraction, or all of these, depending on the circumstances. Modes of
scattering as well as mechanisms of propagation bear these names. For example, we may
speak of the reflection, refraction, diffraction, focusing, scattering, and absorption of a radio
wave by a single spherical hailstone, and all of these modes can be identified in the formal
solutions oi Maxwell's equations for this problem.

The large volume of beyond-the-horizon radio transmission loss data available in the
frequency range 40 to 4000 MHz and corresponding to scattering angles between one and three
degrees indicates that the ratio lO-A/10 corresponding to the transmission loss, A, rela-
tive to frec space is approximately proportional to the wavelength, A\, or inversely propor-«

~Lp/lo

tional to the radio frequency, f, [Norton, 1960], so that the ratio 10 corresponding

to the forward scatter bagic transmission loss is approximately proportional to \3 or to 1-3.
Thie circumstance is more readily explained in terms .{ forward scatter {rom layers | Friis,
Crawford, and Hogg, 1957] or in terms of glancing or glinting trom brilliant points on ran-
domly disposed 'feuillets", [duCastel, Misme, Spizzichino, and Voge, 1962], than in terms
of forward scatter from the type of turbulence characterized by the modern Obukhov-
Kolmogorov theory [ Obukhov, 1941, 1953; Batchelor, 1947, 1953). There is recent evidence
( Norton and Barrows. 1964)] that the wavenumber spectrum of refractivity turbulence in a
vertical direction has the same form as the more adequately studied spectrum of variations
in apace in a horizontal direction. Some mechanism other than scatter from refractivity
turbulence raust be dominant most of the time to explain the observed transmission loss
values over a majority of the transhorizon tropospheric paths for which data are available.
Scattering from refractivity turbulence and scattering from sharp gradients are mechanisms
which coexist at all timed in any large scattering volume, Sharp gradients always exist some-
where, and the atmosphere between them is always somewhat turbulent. Power scattered
by these mechanisms i8 occasionally supplemented by diffraction, specular reflection from
strong extended layers, and/or ducting.

A tropospheric duct exists, either ground-based or elevated, if a substantial amount
of energy is focused toward or defocuged away from a receiver as super-refractive gradients

of N exceed a criticai value called a '"ducting gradient." This gradient s about -157 N-units

per kilometer at sea level for horizontally launched radio waves. The duct thickness must




horirontal gradients commonly observed, The forward scatter theory used to develep the
prediction mcthods of section 9 assumes that only vertical scales of turbulence or layer
thicknesses are important, The radio wave scattered forward by all the scattering sub-
volumes visible to both antennas or by all the layers of feuillets visible to both antennas is
most affccted by a particular range of '"eddy sizes', {, or by layers of an average thick.
ness /2, A etack of eddies of size 4 rmust satiafy the Bragg condition that reradiation by
adjacent cddies shall add in phase. Reflections {rom the exterior and interior boundaries
of a layer will add in phase if the ray traversing the interior of the layer is an odd number
of wavelengths longer than the ray retlected from the exterior boundary. Either the mech-
anism of forward scatter from refractivity turbulence or the mechanism of reflection {rom
layers orfeuillets selects a wavenumber direction < that satisfics the specular reflection
condition corresponding to Snell's law that angles of incidence and reflection, v, are equal,

Mathematically, these conditions are represented by the following relations:

\ R°+R

1N
1= Y = R = - (Iv.1)
2 8in(6/2) [} lﬁo + ﬁl

whero {{0 and R are unit vectors from the centers of radiation of th: transmitting and re-
ceiving antenna, respectively, towards an elementary scattering volume, or towards the
voint ot geometriral reflection from a layer. The angle between R and f{o is the scat-
tering angle @ illuetrated in figure IV-.1 and is thue twice the grazing angle ¢ for reflec-
tion from a layer:

~ ~

e=-2y= cos”} (-R+ R radians., (IV.2)

The planc wave Fresnel reflection coefficient aQ, for an infinitely extended planc

boundary between homogeneous media with refractive indices ny and n, and for horizon-

tal polarization [ Wait, 1962) is

[ S—— |

8iny !-2(111 - nz) +(rﬁ - nz)z +sin2¢
q, = - . (Iv.3)
2 .2,
8iny + !-Z(r.-1 - nz) -i»(n.1 -nz) +8in w]

The following approximation, valid for (nl - nl) < uan\P<< 1 is also good for vertical

polarization:

2 r 2 n, -np 2(n_ -~
q_ = - . - 2 2 1 n) )
o “JZ cxpL (nZ nl) /2y )] e —_— ,__ZZ__J_ , (1V. 4)
J 2y 0
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A diifercential amolituac reflection coefficient dq for a tropnsphuric layer is rext
defined as proportioncl to the difference between two gradients of refrzctive indes, m anc
™ where m is the average refractive index gradient dn/dz across l'mf loyer, and e
SRt oo ig the average rcfractive index gradient {for the region in which the layer is erabedded. Let

the laycer exterd in depth from 2 =0toz = 2 in the wavenumber direction ~ defined by

{+V. 1), and write the diffcrential reflection coefficient as
Z .
dq=dz(m-mo)/(24l ) e (1V. 5)

A phasor exp[-1z(4nd /\)] is associated with dq, and the power reflection coefficient

4 L. . .
4 for a tropospheric layer of thickness 2 is approximated ae

z=z ¢
q& s S dq exp [viz{4mu/2\) ] = (411)2 ,‘\2 ¢-6 M (IV. 6a)
z=0
2 ., 4
M= (m- mo) i1 - coa(-1n¢zolk)]/(4ﬂ) . (IV. 6b)

If M is azssuired contiauous at z = U and z = z somewhat smaller values of q"' and m
will result [ Wait, 1962],

Friis, Crawiord, and Hogg [ 1957] point cut thut the power received by reflection
from a finite laver can be approximated as the ditfracted power through an absorbing screen
th the dimcensions cf the layer projecticn normal to the direction of propagation,  They

hen congider Javers of Jarge, smali, and meodium size compared to

x = 2(M ROR/d) %.

d &

Ro +R (v.7n
which iw the widih of a {ivst Fresnel zone, Let b represent the dimensions ot a layer cor
feailict in any dircection puei pendicular to k. Sirce x is usually nearly vertical, boix
asually 4 horizental dimension, Adopiing a notation which conforms to that used ¢lscwnese
1n s tepmrt, the available power w, at a receiver at a distance d frem a transmitting

Al nNg s adciaing wt v/atts 18

2 2
4w n3 Aq 2 2 2
w = —=te (et i (ef ) 48T ] -
‘ (4=~ d)
interme of Froanelantoprals gr.on ov (1L _3), ~uere
u by Y7, v-bo, Zix v 9)




and 8, and g, are antenna directive gains. For large u and v,

cu) = s%u) = cBvy = 8wy = %,

and for emall u and v, Cz(u) = uz, Cz(v) = vz s, and Sz(u) = Sz(v) =0.

For large layers, where b > >2x:

2 .

_ 4 -6 -
w. -wtgtgrx ¢ Td T M (Iv.10a)
For intermediate layers, where b &2 x:
3 -4 -1.2 )
wo= W B g ATV (RR )T BT Mo (IV. 10b)
For small layers, where b < < 2x:
_ 2 -4 -2 4
w, = wtgtgrk ¥ (R RO) b M. (IV. 10¢)

Forward scaiter from layers depends orn the statiatice of sharp refractive index
gradients in the directions « defined by (IV. 1), The determinatior of these statistics from
radio and meteor jical measuremenis is only gradually becoming practical. A study of
likely statistical averages of the meteorological parameters M, bZM. and qu indicates
that these expected values should depend only slightly on the wavelength N and the grazing

angle , as was assumed by Friis, et al.[ 1957]. The expected value of
[1-cos (4vr¢zo/-\)]

can vary only between 0 and ¢ and is not likely to be either 0 or 2 f{or any reasonable
assumptions about the statistics of z .

Available long-term median radio transmission loss data usually show the {requency
law given ny (IV, 10b) for medium-size layers., Long-term cumulative distributions of short-
terrn available pcwer ratios on spaced frequencics rarely show a wavelength law outside the
range iruimn ;\Z to X4 { Crawlford, Hogg, aud Kummer, 395%; Norwn 1360). An un-
reported analysis of 8978 hours of matched siinultaneous recordings at 159,5, 5599, and
21206 MHz over a 310-km path in Japan shows that this wavelength exponent for transmission
loss wa."\'-'t is within the range from 7 to 4 ninety-cight percent of the time., This cor-

responds tv a wavelength vxponent range from 9 to 2 or a frequency exvonent range from

N 0 to <2 for attenuation reiative to free space valuces, and to corresponding ranges A\ to A
. -2 -1 . L

b : or | to f {for vulues ot basic transmissicon loss, Lb.

~

.
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Figures IV, Ha) and IV, 1{b) illustrate torward scvattering {rom a single small taver
anG trom redractivity turbulewce ina single sinall scattering subyolume of the voluome Voot
”smcv visibli- to two antennas. Figures IV, 1{c) and 1V, 1(d) illustrate madels for the addition 3
ol power ¢ontributions from large parallel layers, and from scattering or reflection sub-
volumes, respectively, Contributions from diifraction or ducting are ignored, as well as
returng from well-developed layers for which a geometrical reflection point is not visible to
both antennas. Combinations of these mechanisms, though sometimes iraportant, are also
not considered here,.

For cach of the cases shown in figure 1V. 1, cohcrently scattcred or retflected power
w_, {from the neighborhood of a point Roi is convenicntly associaterd with a scattering sub-

volume d°"R = dv = V'(R.oi)' 80 that the total available forward scattercd power at a receiver
o i

in
N N
v v
w =Tw.=§ v,w . = ( d3R w(ﬁ.ﬁ.) watts (Iv.11) v
a SoTal L i J o viio ]
izl i=l \"
whoere
Wi :wai/vi = wv(RO, R) -

, . . .th . .
is the available power per unit scattering velume for the i scattering subvolume, feuillet,
or layer, and it is assumeud that only N‘ such contributions to w_ are important.
¢ a
Each of the power contributions w N is governed by the bistatic radar equaticn., Omit-
a

ting the subacript i, this equation may be written as

2
7/ W.B a c g
oo (255) (23) (55) v
a 4nR 4n R

w

where a_ Cp is the effective scattering cross-section of a single scatterer or group of
scattercrs, including the polarization efficiency < of the power transfcr {romr: transmitter
5

Lo receiver, The firgt set of parentheses in (IV. 13) represcents the field strength in watts
per zonare kilometer at the point {(o' the second factor enclosed in parentheses shows what
fraction of this ficld strength is availavle at the recceiver, and -\Zgr/(‘h) is the absorbing
arca of the recceiving antenna,

The Xey to an understanding of scattering from spacecraft, aircralt, raie, tail, snow,
reflractivity turbuicnce, or inhomopeneities such as layers or feuilicts is the scattering « ross-
Lee o ay e defined by (IV.13) or the corrveponding scattering crosg-scction o unit

p
oo a . defined from ([V. 12) and (IV.13) as

-

IV -




3 2 2
A, = (4n) (ROR) wV/(wt R R, A7)  per km:. (1v. 14)

Fhis quantity is usually cetimated by isolating a small volume of seatterers in lree
space at large vector distances R.o and K, regpectively, from the transmitter and receiver,
If both antennae are at the same place, (IV,13) beconmces the monostatic radar equation, cor-
rugponding to backscatter instead of to forward scatter.

The scattering cross-sections per unit volume for large, medium, and small layers,

assuming a density of Nl layers per unit volume, may be obtained by substituting (IV.10a) to
(IV.10¢) in (IV.14):

For large layers, where b >>2x:

. 2 - 2
a =x4¢6MN =\ ¢6(R R/d) MN, ¢ (IV.15)
vl 2 o 1
For intermediate layers, where b2 2x:
2 -4 2 -4 2 .
= = . V.16
a, =x v b MN[ ¢ (ROR/d)b MNI (I )
For emall layers, where b << 2x:
a = dpiMn =%y fei M, (IV.17)
vs 1 L

i'he modern Obukhov-Kolmogorov theory of homogeneous turbulence in a horizontal
dircection, when extended to apply to the wavenumber spectrum of instantaneous varjations
of refractive index in a vertical direction, predicte a X_g or f% law for the variation with

wavelength N or carrier frequency f of either a

or attenuation relative to free spavce, or
5/3 -5/3
\ or f

law for variations of the tranamission loss wa/wt' Theorectical studies of

multiple scattering by Beckmann [ 1961a), Bugnolo [ 1958], Vysokovekii { 1957, 1958], and others
suggest that single scattering adequately explains observed phenomena, Descriptions of at-
mospheric turbulence are given by Batchelor [ 1947, 1953], de Jager [ 1952], Heisenberg
{1948], Kolmogoroff [ 1941}, Merkulov [ 1257], Norton { 1960], Obukhov {1941, 1953], Rice
z-.d fcrbstreit [1964], Sutton [ 1955], Taylor [1922), a 1 Wheelon [ 1957, 1959],

The observed wavelength exponent for the Japanese transmission lose data previously
noted was below 5/3 lees than two tenths of one percent of the time, and an ¢xarnination of
other date also leads to the conclusion that forward scatter from Obukhov-Kolmogorov turbu-
ienve canrareiy explain what is obscerved with frequencies from 40 to 4000 MH2 and scat-

tering angies from one to three degrees.

Iv-7
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E.rly recopnition of this fact by Norton, Rice, and Vogler [ 1955 ] led to the propcsal
vl a mathematical form for the vertical wavenumber specirum which would achilevs agreement
“between radio data and the theory of forward scatter from refractivity turbulence [ Norton,
1960 ]. Radio data were used to dctermine the following empirical form for a , upon which

the predictions of section 9 arc based;
-5

av =Ny M (IV.18)
2 2
M =3 <(An) >/(32 !o) (IV.19)
whare
An=n- <an> (Iv.20)

is the deviation of refractive index from its expected value <An>, and lo is a "scaule of
turbulence" [Rice and Herbstreit, 1964 ).

Values of the variance <(A.n)2 > of refr-activity fluctuations and scales of turbulence
IU obtained from mcteorological data lead to good agreement between (IV.18) and radio
data when an exponential dependence of M on height is assumed, substituting the corre-
sponding value of \Vv in (IV.1l). Tt is not yet clear how the estimates of 1, mo, zo, b,
and NI required Ly the theory of forward scatter from l2yers of a given type can be
obtained from direct meteorological measurements, nor how these parameters will vary
throuphout the large volume of space visible to both antennas over a long scatter path., It
does seem clear that this needs to be done.

Data from clevated narrow-beam antennas that avoid gome of the complex phenomena
due to reflection and difiraction by terrain, and which select small scattering volumes, sug-
gest inat for scattering angles excceding ten degrees, reflections from large layers can
hardly be duminant over reflection from intermediate and amall layers or from refractivity
turbulence, Preliminary results indicate that {ield strengths decrcase more slowly at a
tixcd distance and with scattering angles 0 increasing up to fifteen degrees than would be pos-
sible with the 0-6 Jdependence of a, given by (IV.15) added to a probable exponential decay

with height of the expected value of the metenrological parameter MN, for large laycers.

4
The wavelength and 2ngle dependence of forward scatter characterized by the Obukhov-
Kolmogoroy turbulence theorv is neorly the same as that {or small layers, given by (IV.17).

For scattering from refractivity turbulence:

/3 -11/3
= N By (v.21)
2
T(11/6) < (An)° >
M = (1v. 22)
° aemBPragsy g P




Although most of the propagation paths which have been studied rarely show this frequency
dependence, some occasionally do agree with (IV.21). In peneral, the radiowave scattering
vrosy-section per unit volume a, i8 a weighted average of scattering from all kinds ol
layers or tenglicts and the turbulence botweaen them

Summarizirg the argumont:

a =a +a +a +a > Ny M (Iv.a3)

4

for 107 < \ < 10-2 km, 0.01 < ¥ < 0.03 radians, where M has been determined from

radio data, subject to the assumption that M decreases exponentially with height above the
carth's surface. Equation (IV.23) is intended to indicate the present statc of the twin arts of
tormulating theories of tropospheric forward scatter and comparing these theories with avail-
able long-term median transmission loss data. A great deal of available data is not forward
scatter data, and it is for this reason that estimates of long~term variability as given in
scction 10 and arnex IlI are almost entirely empirical.

Al3o, for this reason, estimates of Lgp as given in section 9 are restricted to long-
term median forward scatter transmission loss. Available measurements of diffcrences in
pth antenna gain agreee within the limits of experimental crror with the values prodicted by

the mcthott af section 9 whenever the daminant prapagadtion mechanism is forward scatter,



GEOMETRY FOR FORWARD SCATTER
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1V.3 List of Special Symbols Used in Annex 1V
Radiowave scattering cross-section of 8 singlc scatterer or group of scatterers,
(Iv.13).
Radiowave scattering cross~section per unit volume, (IV. 14).
Radiowave scattering cross~section from refractivity turbulence, {1V, 21).
Radiowave scattering cross-scctions per unit volume for large, medium, and
small layers, (IV.15) to (IV.17).
The dimeneions of an atmospheric layer or feulllet in any direction perpendicu-
lar to X, (IV.9).
Polarization efficiency of the power transfer from transmitter to receiver,
(Iv.13).
Fresnel cosine integrals, (IV.B.).
A range of eddy sizes or layers, the radio wave scattered forward {8 most af-
fected by a particular range of 'eddy eizes,'" {, or by layere of an average
thicknees t/2, that are visible to both antennas, (IV.1).
Scale of turbulence, (IV.19),
Average refractive index gradient, dn/dz, across a layer, (IV.5).
Averuge refractlve index gradient for the reglon in which a layer is imbedded,
(Iv.5).
A term defined by (1V.6) used in the power reflection coefficient qz .
A term defined by (IV.22) used in defining ‘vo' the scattering croes-section
from refractivity turbulence,
Refractive indices of adjacent layers of homogeneous media, (IV.3).
The number of layers per unit volume of a scattering crose-section, (IV.15)
to (IV.17).
The number of scattering subvolumes that make an appreciable contribution
to the total avaliable power, (IV.11),
The power reflection coefficient, qz. for a tropospheric layer is approxi-
mated by (IV.6).
The plane wave Fresnel reflection coefficient for an infinitely extended plane
boundary, (IV.3),
Vector distances irom tranemitter and recelver, respectively, to a point Eo'
Unit vectors from the centers of radiation of the receiving and transmitting
antennas, respectively, (IV.1),
A point from which power {8 coherently scattered or reflected, (IV.11).
Tres.nz! oin~ Antegrals, (IV,8).
A parameter defined by (IV.9).
A parameter defined by (IV.9).

The 1™ scattering subvolume, (IV.11).




w Available power per unit scattering volume, (IV.11).

w:i Avallable power per unit scattering volume for the &th scattering subvolume,
S © IV, 12)

x Half the width of a {irst Fresnel zone, (IV.7).

z Thicknees of a tropospheric layer, (1IV.6),

%o The thickness of a tropospheric layer, (1V.6).

an The deviation of refractive index from its expected value, (IV.20),

<an> The expected value of refractive index, (IV, 20),

<(An)z> The variance of {luctuations in refractive index, (1V.19).

< A wave number direction defined by (IV. ).

¥ The grazing angle for reflection {rom a layer, (IV.2).
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Annex V
PHASE INTERFERENCE FADING AND SERVICE PROBABILITY

As a general rule, adequate service over a radio path requires protection against noise
when propagation conditions are poor, and requires protection against interference from
cochannel or adjacent channel signals when propagation conditions are good. Optimum use
of the radio spectrum requires systems so designed that the reception of wanted signals is
protected to the greatest degrec practicable from interference by unwanted radio signals and
by noise.

The short4crm fading of the inetantaneous received power within periods of time
ranping from a few minutes up to one hour or more ia largely asgociated with random fluctu-
ations in the relative phasing between component waves. These waves arrive at the receiving
antenna after propagation via a multiplicity of propagation paths having electrical lengths that
vary (rom second to sccond and from minute to minute over a range of a few wavelenths. A
small part of this short-texm fading and usually all of the long-term variations arisc from
minute ~to-minute changes in the root-sum-square value of the amplitudes of the compon~nt
waves, i.e., in short-term changes in the mecan power available from the receiving antenna.
In the analysis of short-term fading, it is convenient to consider the effects of these phase
and root-sum-square amplitude changes as being two separate components of the instantancous
fading. Multipath or '"phase interference fading' among simultaneously occurring modes

nf propagatien usually determines the statistical character of short-term variability,

Over most transhorizon pathe, long-term variability is dominated by 'power fading'',
due to slow changes in average atmospheric refraction, in the intensity of refractive index
turbulence, or in the degree of atmospheric stratification. The distinction between phase
intevference {ading and power fading is scmewhat arbitrary, but is nevertheless cxtremely
uscful. Economic consgiderations, as contrasted to the requirements for spectrum conserva- 3
tion, indicate that radio receiving systems should be designed so that the minimuin practicable
transmitter power is required for satisfactory reception of wanted signale in the presence
of noise. Fading expected withir an hour or other convenient "short" period of time is
allowec for by comparing the median wanted signal power Y available at the receiver with
the median wanted signal power Y e which is required for satisfactory reception in the
preasence of noise. This cperating seneitivity w mr assumes a specified type of {ading
signal and a specified type of noise, but does not allow for other unwanted signals.

In the presence of a specified unwanted signal, but in the absence of other unwanted
gignals or appreciable noise, the lidelity of information delivered to a receiver output will
incrcasy as the ratio r, of wanted-to-unwanted signal power increascs. The degree of

fidelity of the received information may be micasured in various ways. For example, voice

signals arc often measured in terms of their intelligibility, te/evision pictures by subjective




observation, and telcetype signals by the percentage of corredtly interpreted received charac-
ters. A spucified grade of service provided by a given wanted signal will guarantee a
corresponding degree of {fidelity of the information delivered to the receiver cutput. For
Qxample, a Grade A teletype service could be defined as one providing 99.99 percent
error-free characters, while a Grade B service could be defined as onc providing 99.9 per-
cent error-free characters.

The protection ratio Tor requirad for a given grade of service will depend upon the
nature of the wanted and unwanted signals; i.e., their degree of modulation, their location
in the spectrum relative to the principal and spurious responsc bands of the receiving system,
aad cheir phase interference fading characteristicse. The use of recciving systems having
the amailest values of L for the kinds of unwanted signals likely to be encountered will
permit the eame portiong of the spcctram to be used simultaneously by the maximum number
of users. For instance, FM witl. feedback achieves a reduction in LI for a cochannel
unwanted signal by occupying a larger portion of the spectrum. But optimum use of the spec-
trum requires a careful balance betwecen reductions in rur on the same channel and on
adjacent channels, taking account of other system isolation factors such as separation between
channels, geographical sep.ration, antenna directivity, and cross-polarization.

Note that the operating sensitivity w mr 1s a rneasurve of the required magnitude of
the median wanted signal power but Tor “involives only the ratio of wanted to unwantcd signal
powers. For optimum use of the spectrum by the maximum number of simultaneous users,
the transmitting and receiving systems of the individual links should be designed with the
primary objective of ensuring that the various values of r exceed Tor for a large per-
centage of the time during the intended periods of operation. Then suificiently high trans-
mitter powers should be used so that the median wanted signal power w m exceeds Wor
for a large percentage of the time during the intended period of reception at vach receiving
location. This approach to frequency assignment problems will be unrealistic in a few cases,
such as the clcared channcls required for radio astronomy, but these rare exceptions mercly

serve to test the otherwise general rule [ Norton, 1950, 1962 and Norton and Fine }y49) that

ootirmum use of the spectrum can br achieved only when interference trom other signals rather

than frorn noise provides the incluctable limit to saustactory reception,
This ainnex discusscs the requirements for service of a given grade g, how to esti-
mate tie expected time availability q  of acceptable service, and, finally, how to calculate

the service probability Q for a given tirme availability




V.1 Two Components of Fading

Both the wanteq and the unwanted signal power available to a rcceiving system will
usually vary {rom minute to minute in & random or unpredictable fashion., It is convenient to
divide the "instantaneous received signal power" w o= 10 log w_ into two or three additi.c
compuonents whero wo is defined as the average power for a nmgle cycle o the racic treguency,

50 a8 to clxmmate the variance of prwer associated with the time factor coa (wt): 3
W =W +Y =W (0.5)+Y+Y -dbw - (V. ) BRI
" m L m r

W is that component of W" which is not affected by the usually rapid prase intericrence fading
m coe [

s

.und s most often identified as the short-term median of the available povier Woout the receiving
astenna. W (6, 5) is the median of all such values of Wm, and is mest offen 1dantiled as the
m "
long-term rnedian of W_. In terms of the long-term median transmissivn loss 1 {U.3) und the
T L - . A . B4l

tots) power W! radiated frcm the transmitting antenna:

W (0.5)=W -L (0.5 dbw Y
m t m

1he characteriatics of iong-term fading and phase inicyvicvence fading, respectively, vre de- ™

corided :a terms of the two fading components Y and ‘.’" in'V.1}):

Y=W -W (0.5, Y =W_-W (v.»
m m kD T m

The long term for which the mediarn power, Wm(O. 5), is defined may be as short as
sc hour or as long as several years but witl, ir jeneral, consist of the hours within & spec:-
{cid period of time. For most continuously <perating services it is convenient to consider K
\'v'v {0.5) as the median power over a lang perici of time, including all hours of the day and
Aii seasons of the year. Cbservations of iong-term variability, summarized in section 10
att in annex III, show that W is a very nearly norn.@lly distribute:d randomr vanable
characterized by a standard devxatxon that may range from cne dzcibel withaa ar hour up
1o ten decibels for periods of the order of several years. These valuey ol sioiiard uuviation
.rc representative only of typical heyond-the-horizon propagation pathe 2nu vory wddiy tor
other propagation conditions.
For periods as short as an hour, the variance of YTT is generally greater than th-
variance of Wm The long-term variability of Wm is identified in section 110 with the

variability of hourly medians, expressed in terms of Y (q):
= - W . = . - ) V.5
Y(q) Wm(q) m(O 5) Lm(O 5) Lm(q, (V.4

where Wm(q) is the hourly rnedian signal power exceeded for a fraction g of al! heurs, and

Lm(q) is the corresponding transmisgion loss not exceeded for a fraction g of ail hours,




V.2 The Nakagami-Rice Distribution

For studies of the operating sensitivity w mr of a receiver in the presence of a
rapidly fading wanted signal, and for studies of the median wanted signal to unwanted signal
ratio Rur(g) required for a grade g service, it is helpful to conaider a particular stat-
istical model which may be used to describe phase interference fading. Minoru Makagami
[1940] describes a model which depends upon the addition of a constant signal and a Rayleigh-
distributed randor.: i ignal 'i Rayleigh 1880; Rice, 1945; Nortun, Vogler, Mansfield and Short,
1955; Beckmanr'.,:ll‘?ﬁla. 1;964]. In this model, the rootesum-square value of the amplitudes
of the Rayleigh componenty is K decibels relative to the amplitude of the conatant component,
}. = +o corresponds to a constant received signal. For a Rayleigh digtribution, K =-w
and the probability q that the instantaneous power, W will exceed w“(q) for a given value
of the shorteterm median power, W, » may be expressed:

w“(q) log eZ

q[w">ww(q)]wm3=exp[- v ], [K=.o] (V. 6a)

Alternatively, the above may be expressed in the following forms: 1

aly_s Y ()] = expl - yola)log 2], [K=-«]

s it

(V.6b)

Y (q) = 521390 + 10 log {log(1/q}} . [K==a] - ]
(V. 6¢) ;

Filgures V,1-V. 3 and table V, 1 show how the Nakagami-Rice phase interference fading
dietyibution Y"(q) depends on q, K, and the average ?ﬂ and standard deviation Ty of Y,,'
It is evident from figure V.1 that the distribution of phase interference fading depends "only on
K. The utility of this distribution for describing phase interference fading in {onospheric propa-
gation {s discussed in CCIR report | 1963k] and for tropospheric propagation is demonstrated in
papers by Norton, Rice and Vogler [ 1955}, Janes and Wells [1955], and Norton, Rice, Janea

and Barsis [1955]. Bremmer {1959] and Beckmann [ 1961a) discuss a somewhat more general

fading modei.

For within-the-horizon tropospheric paths, including either short point-to-point ter-
reatrial paths or pathe from an earth station to a satellite, K will tend to have a large
poattive —alue throughout the day for all seasons of the year. As the length of the terrestrial

prupagenion path 18 increased,or the elevation angle of a satellite is decreased,so that the

iith has less tran first Fresnel zone clearance, the expected values of K will decrease
) tur sume hoars of the day, K will be less ‘'n zero and the phase iutevierence
{ading ivr signe's rupagated over the path at nes will tend to be closely represented
\. [
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Yo (q) IN OECIBELS

THE NAKAGAMI-RICE PROBABILITY DISTRIBUTION OF THE INSTANTANEOUS FADING

ASSOCIATED WITH PHASE INTERFERENCE

q IS THE PROBABILITY THAT Y, *(Wy W) EXCEEDS Yy (q).

AS K DECREASES WITHOUT LIMIT, THE NAKAGAMI-RICE
DISYRIBUTIONX APRROACHES THE RAYLEIGH OISTRIBUTION
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V.3 Noise-Limited Service
A dctailed discussion of the effective noise bandwidth, the operating noise factor, and
the operating sensitivity of a receiving system is presented in a recent report, "Optimum Use
of the Radio Frequency Spectrum, " prepared under Rcsolution 1 of the CCIR { Geneva, 1963c].
The median value of the total noise power Won watts in a bandwidth b cycles
per second at the output load of the M portion of a receiving system includes external
" noisc accepted by the antenna as well as nolse gencrated within the receiving system, inciua-
ing both principal and spurious responses of the antenna and transmission line as well as the

recciver itself, Thia total nolse power delivered to the pre-detection receiver output may be

referred to the terminals of an equivalent logs-free antenna (as if there were only external
noisc sources) by dividing W on by 8, the maximum value o. the operating gain of the pre-
detection receiving system,

The operating noise factor of the pre-detection receiving system, fop' may be ex-

pressed as the ratio of the,''equivalent available noise power" wmn/go to the Johnson noise

power kTob that would be available in the Lband b from a resistance at a reference absolute

temperature ’I‘o = 288,37 degrees Kelvin, 'vhere k= 1,38054%X 10 ~23 joules per degree is

Boltzmann's constant:

or in decibels :

F =

op = W mn= Gg) = (B-204) db . (V. 8)

The constant 204 in (V.8) is «10 log (k'l‘o) .

Note that the available power from the antenna as defined in annex 11 has the desired

propcrty of being indeperdent of the receiver input load impedance, making this concept

cspecially uscfu {for the definition and measurement of the operating noisc factor In as

defined under CCIR Resolution 1 [ Geneva, 1963c¢ ).

At frequencies above 100 MHz, where receiver noise rather than extcrnal noise

usually limits reception, fop is essentially independent of external noisc. In gencral, iop

i8 proportional to the total noise w n delivered to the pre-detection receiver output and so
m

mcasures the degree to which the entire system, including the antenna, is able to discriminate

ayrainat both external noise and receiver noise,




Let Wm repreogsent the median available wanted signal power associated with phase
interference fading at the tarminale of an equivalent logs-free receiving antenna, and let
the ""operating threshold" er(g) represent the minimum value of Wm which will provide
a grade g service in the presence of noise alone. The operating threshold er assumee
a specified type of wanted signal and a specified type of noise, but dues not allow for other
unwanted signals. Compared to the total range of their long-term variability, it is assumed
that Wm and er(g) are hourly median values; i.e., that long-term power fading is negligible
over such a short period of time. Let Gm. represgent the hourly median operating signal
gain of a pre-detection receiving system, expressed in db so that Wm + Gms very closely
approximates the hourly median value of that component of available wanted signal power
delivered to the pre-detection receiver output and associated with phase interference fading.
The median wanted signal to median noise ratio available at the pre-detection receiver
output is then

R ={w +G6 ]-w db (V.9a)
m m m8 mn

and the minimum value of Rm which will provide a desired grade of service in the presence

of noise alone isg

R__{g) = lwmr(g) + Gms] - W db, (V. 9b)

mr




V.4 Interference-Limited Service

Scparation of the total fading into a phase interference companent Yq and the
morc slowly varying component Y as described in Section V.1 appears to be desirable
for several reasons: (1) variations of Yﬂ associated with phase interference may be
cxpected to ocour completely {ndependently for the wanted and unwanted signals, and
this facilitates making a more precise determination of the required wanted-to-unwantcd
signal ratio, Rur(g)' (2) the random variahle Yn follows the Nakagami-Rice distri-
bution, as illustrated on figure V.1, while variations with time of Y are approximately
normally cistributed, (3) the variations with time of the median wanted and unwanted
signal powers Wm and wum tend to be correlated for most wanted and unwarted
propagation paths, and an accurate allowance for this correlation is facilitated by
scparating the instantaneous fading into the two additive components Y and Y_ and
(4) most of the contribution te the variance of Wm with time occurs at low fluctuation
{rcquencies ranging from one cycle per year to abdsut one cycle per hour, whereas tnost
of the contribution to the variance of Yﬂ occurg at higher fluctuation frequerncics,
greater than one cycle per hour. Only the short-term variations of the wanted signal
power w, and the unwanted signal power Vo associated with prase interference
fading are used in determining rur(g): the ratio of the median wanted signal power
Wt the median unwanted signal power Yom required to provide a specified grade

of service g. Let R denote the ratic betweer the instantaneocus wanted si nal
g u g

o

puwer W _ 4+ Y_ and the instantaneous unwanted signal power W + Y
m n um un

R = w + & - w - " - R f ? \I' . 0
m n um uf u n ( 10)
where

2 =Y - Y and R = W - W . (v.1])
n umn u

Note that the cumulative distribution function y {q, K} for Y will usuzlly be different from
n n
the cumulative distribution function Y (q. Ku) for Y o Since the wanted signal propagation
u
path will differ {rorm the propagation path for the unwanted signal. Let 7~ z{q, K. K )
T ] u

with probability gq; then the approximate cumulative distribution function of Z. is given by:
PP i ] ;

. 2 2
Zﬂa(q, K, Ku) = % JYn la, K} + Y (l-q, Ku) (v.12)

In the above, the plus sign is to be used when q < 0,5 and the minus sign when g 9. 5, note
that -V.Ha {l-5. K, KU) = Z,na(q. K, Ku) . This method 5 approximation is suggested by two ob-
acrvations: (1) service may be limited for a fraction ¢ of a ahort period of tiine either by

downfades of the wanted signal corresponding to a level exceeded with a nrovability q or by

V-15




nntades ot an auwantod signal correaponding to o level excecded with a probabllity l.q, and
i<} the standard deviation of the diffevence of two uncorrclated random variables Y, and Y n
uw

vguals the squave root of thm sum ot their variances, and ander fairly general conditions Zi {aq)

is very nearly equal to Y (q) + Ya (1 - q). Equation {V.11) is based on the reasonable as- [
sumption that Y_ and Yuﬂ: are independent random variables and, for this case, (¥.1]; ]
would be exact if X, and Yuf-' were normally distributed, The departure from normality of

the distribution of Yr. ié greatest in the limiting case of a Rayleigh distribution, and for this

special care, the following exact expression is available { Siddiqui, 1962}:
2 (q, % %) = 10 log (-1- - 1) (V.13)
n q

Table V.2 compares the above exact expression Zﬂ(q. @, ») with the approximate expres-
gion Z,(q, =, <). Note that the two expressions dificr by lesa than 0.2 4B for any value of
q aml, since this difference may be expected to be even smaller for finite values of K, it
appeara that (V. 12) should be a satisfactory approximation for moet applications and for

any valurs ot K and q.

Table V.2

The Cumulative Distribution Function Zﬂ(q, o, o) {or

the Special Case of the Ratio of Two RayleigheDistributed Variables

9 2,(q, =, =) S C Zﬂ N zm-
db db db

b 0.0001 39.99957 40.0178 -Q.01623
0.0002 36.98883 37,0362 -0. 04737
0.0005 33.00813 33.0757 -0.06757
0.001 29.99566 30. 1099 -0. 11424
0.002 26.98101 27.1216 -0. 14059
0.005 22.98853 23. 1584 -0. 16987
0.0l 19.95635 20. 1420 -0.18565
0.02 16.90196 17. 0949 <0.19294
0.05 12.78754 12.9713 -0. 18436
0.1 9.54243 9.7016 -0. 15917
0.2 6.02060 6.1331 -0.1125¢
0.5 4 0 0

Velb




posgitive correlation cocfticient

Let Ruro(g) denote the required value of R“ fcr nonefading waantod and unwanted
signals and it follows from (V.l10) thst the instantaneous ratio for fading signale will exceed
R“m(g) with a probability at least equal to q provided that: '

R >R (g a K K)=R _(g)-2(aKK) (V.14)

The use of {V.14) to determine an allowance for phase interierence fading will almost
always provide a larger allowance than will actually be necessary since (V.14) was derived
on the assumption that Ruro {(g) is constant. For most services, Ruro(g) will not have a
fixed value for non-fading signals but will instead have either a probability distribution or a
grade of servico distribution; in such cases Rur(g) should be determined for a given q
by a convolution of the distributions of Ruro(g) and - Z,,' In stili other casce the mean
duration of the fading below the level Zﬂ(q. K, Ku) will be comparablc to the mean duration
of the individuai message elements and 1 different allowance should tisen be made. [n some
caseg it may be practical to determine R“r as a function of g, g. K, and Ku in the

iaborarory by generating wanted and unwanted gignale thai vary with time the 8ame as Y

and Yu" This latter procedure will oe successful only to the extent that the fading signal

generators droperly simulate natural phase interference fading toth as regards their amplie
tude distributicng azd their fading duration distributions. As thia agnax 1a intendmd
to deal only with general definitione and precedures, functions applicable ¢ particular kinds
of wanted and unwanted signals which include an appropriate phasc interfereuce
fading allowance are not develoved here.

The ratio Ru defined as an hourly median value equal to the differcnce between

W (0.5} +7 and W (G.5) # Y willalso vary with tims:
m ym u

&
m
£

- ST LS) -0 S5y + 2 1
wum vm(o ) -Vum(o S+ 2 {V.15)

Z2BY -% a (v, 15)
L5

The randorc variables Y and Yu tend to be appreoximately normally distributed with o

p which will vary congideradiv with the propagstion paths




V.5 The joint Ettect of Several Sources of Intorference Present Simultaneously
The eflects of interfprence from unwanted signals and {rom noise have 80 far been
considered in this report as though each affected the fidelity ol receplion of the wanted signal
independently. Let wmr(g'; and rur(g) wom denote power levels which the wanted median
signal power W must exceed in order tu achieve a specified grade of service when each
source of inter{erence is present alone. To the extent that the various sources of
interference have a ¢: 2racter approximating that of white ncise, this sarne grade of service

may be expected trom a wanted signal with median level

Ym :wmr(g) N z rur(g)“"'um

when theae sources are present simnoltaneously,
An approximate method has been developed [Norton, Staras, and Blum, 1952 ] iox
determining for a broadcasting service the distribution with time and receiving location of the

ratio

wm'l[wmr(g) t z rux'(g)wum]
Although this appruach te the problem of adding the efiecta of interference will probably
always provide a good upper bound to the interfererce, this assumpticn that the interference
power i8 additive is often not strictly valid. For example, when intelligible cruss-taix frum
another channel is present in the receiver output circuat, tixe addition of some white noise
wiil actually reduce the nuitance value ¢f this crosa-iaik.

Frequently, however, both wmr(g) and wim will be found to vary more or less
indeperndently over wide ranges with time and a gcocd 2ppreximation to the percentage of time
that objectionable interference is precent at a partu ular receiving location may then be
obtaired {Barais, et al, 1961 ] by adding the percentayge i izne that W is less than
w  (g) to the percentages of time that w i less than cach of the values of r {(g)w

mr m ur u
When this total time of interference is small, say less than 10, this will represent a
satisfactory estimate of the joint influence of several sources of interference which are
present simuitaneously. Thus, when the fading ranges of the various sources of interfereacse
arc sufficieatly large 2o that this jatter method of analysis is applicable, the various values
of w_{g) and of r (g)lw will have comparable magnitudes for neyligible percentages

mr urv um
nf the time so that cne may, in effect, assume that the various sources of interference wecur

essentially independently in time.

Minimum acceptable wanted-tc-unwanted Bigral ratios r may gometimes be a
s
furct..n ol T the available wanted signal-to-noise ratio. VWhen o 15 wathin 3 db ol
urv
P on unwanted signal nay be treated the same: as external aoise, ond, a4 samiier fashion,
av

tonp-tevin distributions of avaiioble wanted~to-unwanted gignal ratics L.y be determined for
vach clags of anwanted signaly for which 3 nearly the game.
ur

N

L




V.6 The System Eguation for Noise -Limited Scrvice
Esscntial clements of a noisc-limited communication circuit are suwnmnurized e the
following system cquation, The transmitter output w“dbw which will provide W‘
dbw of tatal radiated power in the nresence of transmission line and matching network logases
L“ db, and which will provide a m _dian delivcred signal at the pre-detection receiver output
which is Rm db -~bove the median noise power Wmn delivered to the pre-detection receiver

cutput 48 given by

W, = L +L +R +(W -G ) dbw (v.20)
1t 1t m m mn ms

in the presence »f a median transmisaion losse Lm and a median operating recceiving system
signal galn Gms . ‘The operating signal gain ig the ratio of the power delivered to the pre-
detection receiver output io the power available at the terminals of an equivalent loss-free
antenna. Let Go be the maximum of all values of operating rignal gain in the receiver pass

band, and G the median value for all signal frequencies in the pase band. (W -G )
ms mn me

in (V.20) {s the equivalent median nolee power at the antenna terminals, as defined in section V. 3.

It is appropriate to exprcss the gystem equation (V.20) in terms of the operating
noisc factor Fop defined by (V.8), rather than interms of W ran ©F (Wm“- Gms) in
order to scparate studies of receiving system characteristics from studiec of propagation.
For this reason all predicted power levels arc referred to the terminals of an equivalent
loss-frce antenna, and receiving system characteristics auch as Fop' Go. Gms' ar®
P = 10log b arc scparated from tranemiseion loss and available power in the formulas.

Rearranging terma of (V.8), the equivalent median noise power (Wmn - Gm;) delivered
to the antenna terminale may be expressed as

wmr. - Gma = Fop + (GO-Gms) +(B - 204) (v.21)

h é . i
where Go and Gms are usually nearly cqual. Assuming that I..“, Go. Gma’ and B

arc constant, it is convenient to combine thesc parameters into ar arbitrary constant K
(4]

K =L, +G -G +B - 204 dbw (V.22)
[} (33 o ms

and rewrite the system equation as:

L] + .

W oK, Lm+Rm+F°p dbw V.23
In general, if unwanted elgnals other than noisc rnay be disregarded, service existy

whenever Rm(q) exceeds Rmr(g)' where Rm(q) is the value of I{m exceeded 4 fraction g

of a1l hours. With G and W assumed conatant, 8o that
ms mn

R (g = W (q)+GC_ -w (V. 24)

-] mn




fervire existy whensver Wm(r,-) cxreeds er, or wherever Lm(q) ig less than the max-
fraurn allowable transrinsion foun l.mo(g) . An equivalent staternent may be made in terms
of the aystem cquation. The transmitter power W“(q) which will provide for a fraction q

of all hours at least the grade g seervice defined by the requircd signal-to-noisc ratio

Rmr(g) is

3 = + L2
Wydai = K+ L (q) + Fop R (e (v.23)
where Lm(q) is the hourly median transmission los6 not cxceeded for a fraction q of all
hours,

For a fixed transmitter power Wo dbw, the signal-to-noise ratio excecded q percent

of all hours is

Ro(@=W -K -F -L (q) db (V.26)

for a“"median" propagation path for which the service probability, Q,is by definition equal to 0. 5.

The maximum allowable transmission loss

ng(g) =W - Ko - Fop - Rmr(g) (v.20

is set equal to the loss Lm(q,Q) exceeded during a fracuon (1 - q) of all hours with a probability
Q. This value is {ixed when Po. Ko, and Rmr(g) have been determined, and for each
time availability q there is a corresponding service probability, Q(g). Section V.9 will
explain how to calculate Q{q).

When external noise is both variable and not negligible, the long-term variability of

Fop must be considered, and the following relationships may be used to satis{y the condition

>
Rm(q) Rmr(g) (V.28)
Rm(q) = p-n_i(O.."v)i'Ym(q) (Vv.29)
Rm(0.5) iWO-Ko-Fop(O.S)-Lm(O.S) (V.30)
Y Yy = Yo + Y2 () 2p. Y(g) Y (1 v.3
mla) = q o tl-g)-ce Y)Y (1-0q) {(v.3l)
Y(q) ELm(O. 5) - Lm(q), Yn(q) B Fop(q) - FOP(O. 5) {V.32)
where p is the long-term correlation between W and F__. Though »p could
m op tn

theoretically have any value between -1 and 1, it is usually zero.




V.7 The Time Availability of Interference-Limited Service

Let p“ denote the long-~term corrclation between Wm and wum' the power ex-
v
pucicd to be available at lcast q percent ofall hourws at the terminals of an cquivalent loss-
free receiving antenna {rcm wanted and unwanted stations radiating w and W, watts,

respuectively:

wm(q) =W _ - Lm(q) dbw , wum(q) =W, - Lum(q\ dbw (V.33)

wO = 10 log W dbw , Wu = 10 log Wy dbw {V.34)

The criterion for service of at least grade g in the presence of a single unwanted signal and

in the absence of other unwanted signals or appreciable noise is

R &)> R, (¢ q) (V.33)
where
R (q) = R (0.5) + Y(a) (V. 36)
R, (0.5)= W _(0.5)- W __(0.5) (V.37
v 2y > Yl(q)+YZ(l-)-2 Y(q) Y (1 -q) (V.3%)
R1VE u 9 P, 1190 Ty -9 )
Yola) = W Aq) - Wum(0-5) L nf0:5) - L (g) (V.39)

¥y w , W , and F were exact'xy'n-oi'mally distributed, (V.31) and (V,38) wculd be
m um op -

exact; they represent excellent approximations in practice.




V.8 The Estimation of Prediction Errors

Consider the calculation of the power wm(q) available at the terminale of an equiva-
lent losa-free receiving antenna during a fraction q of all hourl.wm(q) refers to hourly median
values exprcesed in dbw, For a specific propagation path it is caiculated in accordance with
the methode given in s2ctions 2-10 using a given set of path parameters (d,f, 8, hte' etc,). De-
note by \\'mo(q) observatione made over a large number of randomly different propagation paths,
which,however ,can all he characterized by the samc set of prediction parameters. Values of

. Wmo(q) will be very nearly normally distributed with a mean (and median) equal to Wm (q).
and a variance deroted by ci(q). Thie path-to-path variability is illustrated in Fig.V. 6 for
a hypothetical sintation which assumes a random distribution of all parameters which are not
taken into account in the prediction method,

The variance ai of deviations of obuservation from prediction depends on available
A-.a and the prediction method itself, The moet sophisticated of the methods given in this re-
port for predicting trafemiseion loss ae a function of carrier frequency, climate, time block,
antenna gains, and path geometry have been adjusted to show no bias, on the average, for the
data discusscd {n section 10 and in annex I.

Most of these data are concentratu:d in the 40-1000 MHz frequency range, and were
obtained primarily for transhorizon paths in c:imates 1, 2, and 3, Normally, one antenna was
on the order of 10 meters above ground and the other one was higher, near 200 meters, Even
the low reociving antennas were located ou high ground or in clear areas well removed irom
hills and trrrain clutter. Few of the data werc obtained with narrow-beam antennas, An at-
templ has been made to estimate cumulative distributions of hourly trangmission loss medians
for acvcurately specitied time blockal, including cstimates of year-to-ycar variability.

A prediction for some situation that is adequately characterizcd by the prediction
paramcters chusen nere requires only interpolation between values of these parameters {or
which data arc available, I;l such a case, Uc(q) rcpresents the standard vreor of prediction,
The miean square crror of prediction, referrcd te a situation fur which data arc not available, is
ci (g plus the square of the bias of the prediction method relative to the new situation,

Basged on an analysis of presently available transhorizon tranemission logs data, the

2
variance v (q) is estimated as
2 2
ac(q) =12,73+40.12 Yz(q) db (V.40)

where Y (@) is defined in section 10, Since Y (0.5)= 0, the variance oi(o, 5) of the difference

2
vet..cci ohserved and predicted long-term medians is 12,73 db, with a corrzspnnding stand-

ard deviation 7 (0.5) = 3,57 db,




‘.
=

e

It is occasionally very difficult to estimate the prediction crror cc(q) and the

scrvice probability Q. Where only a small amount of data {s available there is no adequate

~way of estimating the bias of a prediction. One may, however, assign weights to the curves

of V(0.5, de) in figure 10.13 for climates }-7 based on the amount of supporting data avail-
able:

Climate Number Weight
300
120

60

2
(deleted)

5

5

=~ O W B W N

As an example, for de = 600 km, the average V(0. S,de) weighted in accordance wizth the above
is 0.1 db, and the corresponding climate-to-climate variance of V(0.5) is 3.1db . Ifa
random sampling of these climates is desired the predicted median value L(0.5) is Lcr -
v{0.5) = Lcr - 0.1 db, with a standard error of prediction equal to (12,7 + 3.})° = ¢ db,
where 12.7 db~ is the variance of V(0.5) within any given climate.

If there is doubt as to which of two particular climates i and j should be chosen, the

best prediction of %(q) might depend on the average of Vi(O. 5, de) and Vj(O. 5, de) and the

root-mean square of Yi(q, de) and Yj(q. de)x
1 - - -
L(q) Lu O.S[Vt(o.s. de)+vj(0.5, de)] Yu(q, de) db, (v.41)
Y, (@d)=]0.5v%ad)+0.5v5qd
ij(q' e . i(q' e) . YJ(q' e)] db (V. 42)

The bias of this prediction may be as large as I-O. 5 Vi(O. S,de) - V,(O. 5, de)} db. The
"i‘-qot-mean square pradiction error may therefore be estimated as the square root of the sum of

the variance, qi(o. 5) and the square of the bias, or
IIZ. 73+40.12 Y,Z.(q, d)+ O.ZS[V,(O. 5,d) -V (0.5d ]} db.
1 i) e i e b e ]

According to figure 10,13, V(0.5, de) 18 expected to be the same for climates | and 8.
This conclusion and the estimate for Y(q, de) shown In figure .29 for climate 8 are based
solely on meteorological data. In order to obtain these cstimates. the percentages of time for
which surface-t-ased ducts existed in the two regions were matched with the same value of
Y(q,du\ for hoth clinates. in thas way, Y&(q. '.'-e) was Jerived {roin ‘;'l(q, de) by relati: 8
to 9 for a given Y instead of relating Ye to Yl for a given q.
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V.9 The Calculation of Service Probability Q for a Given Time Availability g

For noise-limited service of at least grade g and time availability g, the gser-

vice probability Q is the probability that

- > V.43
Lo otgl =L (q >0 { )
if external noise is negligible. Lmo(g) is defined by (V.27). The criterion for service

limited by variable cxternal noise is

- f tion V, 28je
Rm(q) Rmr(g) >0 (from equation )

For service limited orly by interference from a single unwanted signal,

K - « > f J a V., 35}
"\u(q) Rur(g gq) >0 (from equation )

Combining (V.22) and (V.27), (V.43) may be rewritten as

. . - - _ _ N 3
“o L“ Go+Gms B + 204 Fop Rmr(g) Lm(q) 0 (V.34

where the terms are defined in (V. 8) and scction V.6, Assuming that the error of estimation

. . . . 2
of thege terms frem system to system is negligible except for the path-to-path variance crc(q)
of L (g} it is convenient to reprcsent the service probability Q as a function of the standard

normal deviate z :
mo

Lns Lple)
z = (V. 45
mo s (q)
c
which has a mean ot zero and a variance of unity, L is identified as the transmission

mo
1ogs exceeded a iraction (1-g) of the time with a probability Q, which is expressed in terms

of the er-ror {unction as
=5 +3 ert . '
Glz_ )=45%+3 er (sz/n) (V. 46)

Figure V,7 is a graphof Q versus 2o

For the method described here, the condition

0.12 Y(g) z_ (Q) < - o _(q) (V.37

i sufficient to insure that the service probability Q increases as the time availability g

is decrcased. A less restrictive condition 1e

vig) {L_ - L _(0.9] < 106 db (V. 48)
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An example is ahown {n {igure V.8, with g versus Q for radiated powere Wo = 30 dbw

and W = 40 dbw, and L (q.Q) =W + 140 db. Here,
o m o

L_(q) - 1407
q=0.5+0.5erf
10 V2

(V.49)

corresboniing to a normal dietribution with a mean Lm((). 5) = 140 4du acd a standard deviation
Y(0.158) = 10 db. [ Note that Lm(q) versus q as esusnated by the methods of section 10 is
usually not normally distributed].

To obtain the time availability versus service probability curves on figure V.8, Lm(q)
was obtained from ¢, Y{(q) from (V.4), oi(q) from (V. 40), zmc from (V. 45}, and Q f{rom
figure V.7. This samc¢ method of calculation may be used when there are additional sources of
prediction error by adding variances to ui(q) . Examining possible trade-offs between time
availability and service probatility shown in figure V.8, note the increase from g = 0.965 to
q=0,993 for Q =0.95 or the increase from € =0.78 to Q=0.97 for q=0.99, as the
radiated power is increcased from one to ten Kilowatts,

Fer the case of service limited by external noise (V. 28) to (V. 30) may be rewritten as
AV 0. - L (0.5 + Y - N >0 .
o no Fop( 5) m( 3) \m(q) Rmr(&,) 0 (V.50

Une may ighore anhy crose of estimation of WO. }\'0, and Rmr(g) as negligidle and assume no
- . . -
path-to-path cosrelation between F (0.5 and L_ (0.5 . The variance ¢ (gq) of F_(0.5) ¢+
op m op op

LM(D. 5 - Y {g) in{V.50) may then be writien as a sum of component variances UF and
n m
2

vc(q) :

2 2 2 2 s
oop(q) = ("F + 12,734 0.12 \m(q) db - (V.51

7

. 2
Very little is known about values for the variance o

F of FOP(O. 5) . but is is piobably on the

. 4
order of 20 db

The corresponding standard normal deviate 2 ip:
P

Rm(q) - Rmr(g)
z = S——
op

(V. 52)

Gop(q)

and the service probability Q(q) is given by (V. 46) with zmo replaced by =z . The re-tric-
0
tion (V.47 sull holds with 2 and ¢ replaced by 2 and v . A less restriction con-
mo < op op
dition eguivalent to (V. 48 can be stated only if a specific value of ¢

F is assumed,




For the case of service limited only by interference from a single unwanted radio

signal (V. 35) to (V. 39) may be rewritten as
- - . r
L (0.5 -L (0.9 +Y (q) Rur(g.q) >0 (V.53)

Let Pru denote the normalized correlation or covariance between path-to-path variations of

2
Wm(O_ 5) and Wum(O, 5). Then assuming a variance of 25, 5(1 -;\pl u) +0.12 ‘x'R(q) db2 for
Ru(q), given by the firat three terms of (V. 53) and a variance a:r for the estimate of Rur(g' q).,
the total variance crui(q) of any estimate of the service criterion given by (V. 53) may be written
as

2 _ 2 2
ch(q) =25,5(1- p!u) + 0,12 YR(q) + LA (V. 54)

where Y;(q) is given by (V. 36). The corresponding standard normal deviate Z e i8:

LR -R

= (V.55)
uc duc(q)

and the service probability Q(4q) is given by (V.46) with z e ~eplaced by L The variance
2 2 S
o, Iay range from 10 db~ to very much higher values. The resirictions (V.47) and (V. 48)

apply with 2z  and T replaced by z  and o and with 106 db in (V. 48) replaced by
1 o

1o A uc

(212 + 0 ) db2.
ur
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V.10 Optimum Use ol tie Rad:a Fregaency Spectranm

T Susiness ol the telecommunivations enginoaer s 1o develop crticivnl ranio wystems,
aud the principal tool for improving afficiency i8 tuo adjnst the various paramelers to theiv
optirnun values., For example, it is usuaily nwore couviemical to ase lowaer etfective radiated
powers trom the transmitting systams by reducing tie operating sensitivitias ol the re-
coiving systoms. Receiving system sensitivitics can be reduced by (&) reducing the ievel of
internally generated noise, (b} using antenna directivity to reduce tic cffects of external noisc
{¢) reducing man-made noise levels by using suppressors on noisc sencrators such as i1~
nition systems, rclays, power transmission systems, etc,, and (d) usinpg space or time di-
versity and coding., The use of more specfrum in a wide band FM system or in a treguency

diversiiy 8ystem can also reduce the receiving system operatling sensitivity as weil as re-

cuce the acceptance ratios against unwanted signals other than noise.
Unfortunately, unlike other natural resources such as land, minerais, oil, and

water, there is currently no valid method for placing a monetary value on cach hertz of the
radio spectrum. Thus, in the absence of a common unit of exchange, these tradeoifs arc
ofter made unrealistically at the present time. It is now generally recognized tiwat the use of
large capacity computers is csscntial for optimizing tre assignment of fruequencics to various
classes of service including the development of optimum channelization schemes. Tvpical

inputs ‘v such computers are:

8 Nominal frequency assignrcnts.
2. Transmitting system locations, inciuding the antenna heights.
3. Transmitting system signatures; i.e., the radiated emission spectrum charac.

tevistice inciuding any spurious emission spectrums,

4. Transmitting antenna characteristics.

5. Receiving system locations, including the antenna heights.

6. Spurious emission gapectrums of the receiving systems.

7. Operating senpitivities of the receiving systems in their actual environments
which thus make appropriate allowance for the effects of both man-made and
natural roise.

8. Required values of wanted-to-unwanted phase interference median signal powers

for all unwanted signals which could potentially cause harmiul interfercnce to
the wanted s._nal; thesc acceptance ratios include appropriate allowances for
reductions in the effects of fading achieved by the use of diversity reception and

coding .




9. Long-term median reference values of basic transmission loss and path antenna
gain for the wanted path and all of the unwanted signal propagation paths; these
path antenna gaing include allowances for antenna orientation, polarization, and
multipath phase mismatch coupling losses.

10, Distributions v-ith time of the transmission loss for the wanted signal path and
all of the unwanted signal paths.

1. Correlaticns between the tranamission losses on the wan.».! and on each of the
unwanted propagation paths.

12, Transmission line and antenna circuit losses.

13. The spurious ermiseion spectrum of any unwanted signals arising from unli-
censed suurces such as diathermy machines, electronic heaters, welders,
garage door opencrs, etc.

14.

Assigned hours of operation of cach wanted and each unwanted emission.

The output of the computer indicates simply the identity and nature of the cases ol harmiul

interference encountered. Harmful interference is defined as a failure to achieve the speci-

ficd yrade wl gervice for morce than the required fraction of time during the assigned hours

of operation. Changing some of the inputs to the computer, an iterative process can be

defined wivich may lead to an assignment plan with no cases of harmful interfcrence.

It is assumed that a piven band of radio frequencice has bcen assigned to the kind of
radio scrvice under consideration and that the rature of the services occupying the adjacent
tveguencey bonds io also known. Furthermore, it is assuined that the geographical locations
ol cach of the transmitting and receiving antennas are specified in advance, togcthur with the

velative valuey of the radiated powers from cach transmitting antenna and the widths and

spacings of the radio frequency channels. In the cage of a broadcasting service the apeci.
tication of the intended receiving locatione can be in terme of proposed service arcas. With
this information given, use may be made of the following procedures in order to achieve
optimum utc of the spectrum by this particular service:

(i) The system loss for cach of the wanted signal propagation paths should be mini-

mized and for cach of the unwanted signal propagation paths should be maximized;

this inay be accomplished by maximizing the path antenna power gains for cuch of the
wanicd signal propagation paths, minimizing the path antenna gains for each of the
unwanted propagation paths, and in exceptional cases, by appropriate antenni siting.

The path antenna gains for the unwanted signal propagation paths may be minimized




by the use of high-gain transmitting and receiving antennas with optimum side lobe
suppression and front-to-back ratios and, in some cases, by the use of alternate

polarizations for geographically adjacent stations or by appropriate shielding.

{b} The required protcction ratios rur(g) should be minirnized by (1) appropriate
radio system design, (2) the use of stable transmitting and receiving oscillators,

(3) the use of linear transmitting and receiving equipment, (4) the usc of wanted
and unwanted signal propagatica paths having the minimum practicable phase inter-
{erence fading ranges; from band 6 to band 9 (0.3 to 3000 MHe), minimum phase in-
terference fading may be achieved by the use of the maximum practicable transmitting
and receiving antenna heights, and (5) the use of space diversity. tume diversity, and
coding,

(c) Wanted signal propa, -*- = paths should be employed having the minimum practi-
cable leng-term power {ading ranges. In bands 8 and 9, minimum fading may be
achieved by the use of the maximum practicable tranenutting and receiving antenna

heights,

The a2bove procedures should be carried out with various choices of transmitting and receiv-
ing locations, relative transmitter powers, and channel 3spacings until a plan is developed
which provides the required servicc with a minimum total spectrum usage. After the un-
wanted signal interference ha3 been supprecsed to the maximum practicable extent by the
above methods so that, at cach receiving location each of the values of ru excecds the
corresponding protection rutio Tur(g) for a sufficiently large percentage of the time, then
the following additional procedures should be adopted in order to essentially eliminate inter-

ference from noise :

(d) The system luss on each of the wanted signal propagation paths should be mini-
mized; this ntay be actompliched by (1) the use of the hignest practicable transimut-
ting and receiving antenna hea ity in bands 8 and 9, and (2} rnaximizing the path
antenna power gailns ior vach of the wanted signal propagation paths. The path antenna
power gains of the warted #ignal propagation paths may be maxdmized by asing the
maximum practicable transmitting and recciving antenna gains and by minimizing the
antenna circult and polarization coupling losscs. The r dnimization of the system

luss on ecach of the wanted signal propagation paths will alrcady have been achicved to

a large extent in connection with procedures (a), (b), and (c¢) above.




{e) In general, receiving ayatems shculd be employod which havo the lowest practi-
cable values of operating sensitivity wmr(g).

“(f) Finally, sufficiently high transmitter powers should be used [ keeping the relative
powcrs at the optimum relative values detormined by procedures (a), (b), and {(c) ]
8o that the wanted signal power W will exceed the operating scnaitivity wmr(g)
for a sufficiently large fraction of the time during the intended period of operation

at every receiving locatior.

Although it might at first seem impracticable, serious consideration should be given to the
use of auxiliary chann~ls from wanted receivers to wanted transmittera. The provision of
such channels might well be feasible in those cases where two-way transmissions are in-
volved and might lead to {mportant economies in both power and spectrum occupancy

[ Hitchcock and Morris, 1961 ].

Ultimately, when optimum use of the spoctrum has been achieved, it will not be possi-
ble to find » eingle receiving location at which radio noise rather than either wanted or
unwanted signals can "~ obnerved for a large percentage of the time throughout the usable
portions of the radio spect:i'.m not devoted to the study of radio noise souirces, as is the radio
astronomy scrvice. Although everyone will agree that the attainment of this ideal goal of
interfercncc -{roc spectrum usage by the maximum number of simultaneous users can be
achieved only over a very long period of time because of the large investments in radin
systems currently in operation, nevertheless it seems desirable to have & clear statement of

the procedures which should be employed in the future in order to move in the direction of

meeting thie vitimately desirable goal whenever appropriate opportunities arise.




V.II Supplementary iist of Symbole for Aunas v
Fffective bandwidth, b, of a reveiver in cycles per second, B = 10 log b devibels,
(V.7) and (V.8).
Operating noise factor of the pre-dectection receiving system, Fop = 10 log fop db,
(V.7) and (V. 8)
Grade of service. A specified gr-de of service provided by a given signal will
guarantee a corresponding degree of fidelity of the information delivered to the re-
ceiver output,
The maximum value of the operating gain of a pre-detection recelving system,
Go = 10 log go db, (V.7) and (V. 8).
The hourly median operating signal gain of a pre-detection receiving system,
Gm' = 10 log gm. db, (V.9). 2y
Boltzmann's constant, k= 1,38054 x 10 Joules per degree, (V. 7).
Johnson's noise power that would be available in the bandwidth b cycles per second
at a reference absolute temperature 'I‘o = 288,37 degrees Kelvin, (V. 7).
The decibel ratio of the amplitude of the constant or power-fading component of a
received signal relative to the root-sum-square value of the amplitudes of the
Rayleigh components, figure V..
An arbitrary constant that combines several parameters in the systems equation,
(v.22).
Tranemission line and matcling network losses at the transmitter, (V. 20),
Hourly rnedian trurrsmission loss. (V. 20).
Hourly median tra~simnission loss not exceeded for a fraction q of all hours, or
exceeded (l-q) of all hours, (V.25).
Hourly median transmission loss excceded for a fraction (l-q) of all hours with
a probubility Q, section V., 6.
Median value of Lm(q) . (V. 2).
Maximum allowable hourly median transmission lose for a grade g of scrvice,
(V.27).
Observed valu.cs of tranemiesion loss not cxcceded a fraction q of the recording
period, (V. 5),
Hourly median transmiseion loss of unwanted signal not exceceded fur a fraction q

of all hours, (V.33).

Long-term median value of Lum(q) , V.39,

el

Y




L Transmission loss assaciated with the "'instantaneous" power ’-.‘{" , {V.6) and

”w
figure V. 2.
... _ L (g Transmission loss L” not exceeded a fraction q of the time.
RS S - . :
L (0.1 The interdecile range L (0.9) -~ L"(O. 1) of values of transmission loss asso- T
™ "

ciated with the "instantaneous'" power W . ligure V.2,
b

) q ~ Time availabiligy.
9,- 94 Time availability in climates 1 and 8, section V.8.
Q Service probability, discussed in section V.8,
Qlq) The probability Q of obtaining satiafactory service for a fraction of time q. figure
V.6
Q('/.”m Scrvice probability Q expresscd in terms of the ¢rror function of z o (V.46),

fipure V.5,
r . R Ratio of the hourly median wanted signal power to the hourly median uperating noisc

: = 191 (V. 9).
power, Rm 10 log - db, { }

r . R A specified value of r_ which must be exceeded for at least a specified fraction
mr mr m
of time te provide satisfactory service in the presence of noise alone, Rmr =
10 log r db, (V.9).
mr
0 R Ratio ot hourly median wanted to unwanted signal power available at the receiver,
1 u
R = 10log r db, ("7.14).
u u
oL R A spedified value of Fy which must be exceeded for at least 2 specified fraction
ur nt

of time to provide satisfactory service in the presence of a single unwanted signal,

R = 10 log r _db, (V, 14},
ur

ur

v (2}, R () The m.nimum acceptable signal to noise ratio which will provide service of
mr ni

i piven prade g in the absence of unwanted signals other than motse, nmr(g) =

10 log r {g) db, (V.9),

mr

oo (g RO () The protection ratio ru required to provide a specificd grude of scrvice g,
ur ur - r

l(m‘(g) = 10 log rur(g) db, Beciions V.4 and V. 5,

R (q) The value of Rm exceeded at least a fraction q of the time, (V. 24).
m
R (0.5 The median value of R, (V.29).
m m -
Ro(q) A specified value of Ru exceeded at least a fraction q of the time., (V. 35).
u
R I(U. 5 The median value of Ru, (v.36).
1
R lr(g, ql The required ratio Rur to provide scrvice of grade g far at least a fraction g
1

¢l the time, (V. 35). ;

R o(p;;) The required ratio R for non-fading wanted and unwanted signals, (V. 14).
ur ur :
R The ratio between the instantancous wanted and unwranted signal powers. (V1)
urmn
T Keference absolute temperature 'l'o = 288, 37 degrees Kaluin, (Vv 7). )

V(u.5, d) A parameter used to adjust the predicted reference mcedion for various lirnatic
v

regions or periods of time, scction V.8 and section U, volume 1.




Vi(O. 5, dc), Vj(O. S,dc) The parameter V(0.5 dc) for cach of twao climates represented by

3y
vum(q)

W (0.5
um
w(g)
n

W (0.1), W
” ”

the gubscripts 1 and j, (V.d4l).

The median wanted signal power available at a receiver, W = 10 log w dbw,
° m

(vV.1).

The median value of the total noise power is W

{(V.7) and (V.8),

watts, W = 10 log w dbw,
mn mn

Operating threshold, the median wanted signal power required for satisfactory

scrvice in the presence of noise, W = 10 log w dbw, (V.9).
mr mr

A fixed value of transmitter output power W in watts, Wo = 10 log W dbw, (V.26

Total radiated power in watts and in dbw, section V. 6.

Power radiated from an unwanted or interfering station, w watts, W =
u u

10 log wu dow, (V.33),

Median unwanted signal power w in watts, W = 10 log w dbw, (V. 33) and

um um un
(V.34).°
Unwanted signal power associated with pnase interference fading, w in watts,
, un
W = 10 log w dbw, section V.4,
un um
Wanted signal power associated with phase interference fading, w is defined as
”

the average power for a single cycle of the radio frequency, \\'" = 10 log W dbw ,
(v. D).

Transmitter output power, (V,20).

Transmitter power that wiil provide at least grade g sgervice for a {fraction g of
all hours, (V.25).

The hourly median wanted signal power exceeded for a fraction q of all hours,
(V.24).

Long-term imedian value of \‘."m (V.2).

Obser. -d valucs cf Wm(q) made over a large number of paths which can be char-
acterized by the same set of prediction paramcters, scction V. 8.

The operating threshold of a receiving system, defined as the minimum value of
Wm required tv provide a grade of service g
The hourly median unwanted signal power wum expected to be available at least
a {raction gq of all hours, (V.33).

The median value of Wum(q). (V.37).

The "instantarneous' power W" exceeded for a fraction of time a, (V.6).
(0.9 The interdecile range W"(O. 1) - \‘-'r(‘).‘)) of the power \V"(q) , equiva-
lent to the interdecile range of short term transmission loss shown on figure V. 2.
A symbol uscd to duscribe long-term fading, (V. 1) and (V. 3).

Loug-term fading oi an unwanted signal, {V.16),

v-37

P Sy, - _ ..

).

in the presence of noise aloac. (V.9).



Y Phase interference component of the.total fading of an unwanted signal, (V. 10).

Y\‘m Phase interference fading component for a wanted signal, (V. 10},

Yrq) Long-term variability Y for a given fraction of hourly medians q, defined by
- ) T (V.4).

Y(0.5) The median value of Y, which by definition is zero.

Yi(q' de). Yi(q. de) Values of Y for climates i and j, (V.41) and (V. 42). *

Yij(q' de) The root-mean-square value of the .variabllity for two climates, (V. 42).

Ym(q) Long-term variability in the presence of variable external noiee, (V. 31),

Yn(q) Variability of the operating noise factor, Fop' {V.3]) and (V. 32).

YR(q) long-term variabllily of the wanted to unwanted signal ratio, (V. 38),

Yu(Q) Long-term variability of an unwanted signal, (V. 39).

Yuﬂ(q) The phase interferem.:e fading component of the total varjability of an unwanted

signal, section V.4.
Y a) The pnase interference fading component of the tctal variability of a wanted signal,

section V.4,

Yl' YS Values of Y for climates 1 and 8, raction V.9,
z V2, % Standard normal deviates defined »y (V.45), (V.52) and (V. 55).
mo op uc
Z The decibel ratio of the long-term fading, Y, of a wanted signal and the long-term

fading, Yu, of an unwanted signal, (V.16).

Za(q) The approximate cumulative distribution function of the variable ratio 2, (V.17).
Za(O. 5) Median value of the variable ratio Z. Za(O. 5)=0.
zw The decibel ratio of the phase interference fading component Y" for a wanted

signal and the phase interference fading component Y‘”r for an unwanted signal,
(v.11).

Z“a(q, K, Ku) The approximate cumulative distribution function of Z'r , (V.12).

Pry The normalized correlation or covariance between path-to-path variations of
Wm(O. 5) and wum(O. 5}, (V.54).
p The long-term correlation between W and F_, (V.31).
tn m op
P The long-term correlation between W and W » (V. 38).
tu m um
aﬁ The path-to-path variance of deviations bf observed from predicted transmission loss.
section V.8,
2
ac(q) The path-to-path variance of the difference between observed and predicted values
of transmieeion loes expected for a fraction g of all hours.
aj(o. 5) The path-to-path variance of the difference between observed and predicted long-
term ruedian values of tranamission loss, (V.40) and the following paragraph.
ai_ The variance of the operating noise factor Fo , (V.51). o
P
U(Z)p(q) Total variance of any estimate of the service criterion for service limited only by

external noise, (V.51).




auc(q) Total variance of any estimate of the service criterion for service limited only by
BT _ interference from a eingle unwanted source, (V. 54).

cz Variznce of the estimate of R (g, q), (V. 54).

ur ur
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